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IA bstrac t
The development o f th e  human b ra in  during normal growth between 
13 weeks' g e s ta tio n  and 26 months postpartum  was s tu d ied . The e f fe c t  
o f p ro te in -energy  m a ln u tritio n  during th e  f i r s t  2 years o f l i f e  on th i s  
developmental process was a lso  in v e s tig a te d . DNA, p ro te in , polyamines 
and p u tre sc in e , c h o le s te ro l e s te r s ,  phospholip ids and g an g lio sid es  were 
measured in  th re e  major p a r ts  o f  th e  b ra in , namely th e  fo re b ra in , 
cerebellum  and b ra in  stem. Two phases o f rap id  b ra in  growth were 
observed, th e  f i r s t  between 13 and 20 weeks' g e s ta tio n  and th e  o th e r 
between 30 g e s ta tio n a l weeks and 9 months of age. During th e  f i r s t  
phase, th e  t o t a l  amount o f  DNA increased  r e la t iv e ly  more ra p id ly , and 
so d id  th e  concen tra tions o f p u tre sc in e , g ang lio sides and phospho lip ids. 
At a l l  ages examined, th e  co n cen tra tio n  o f p u tre sc in e  was much h igher 
than  th a t  o f e i th e r  o f th e  polyam ines. The second phase was th e  perio d  
o f most acc re tio n  o f p u tre sc in e  and th e  l ip id s .  During development, 
cho line phosphoglycerides decreased in  p ro p o rtio n  w hile sphingomyelin 
and ethanolamine phosphoglycerides in c reased , and th i s  p a t te rn  was 
found in  a l l  th re e  p a r ts  o f th e  b ra in . In  c o n tra s t ,  th e  g an g lio s id e  
p a tte rn  was d if f e r e n t  in  d i f f e r e n t  p a r t s ,  w ith  Gj^a as th e  m ajor 
gang lio side  in  th e  fo re b ra in  and b ra in  stem, and G ^  as th e  major 
gang lioside  in  th e  cerebellum . The co n cen tra tio n  o f c h o le s te ro l  e s te r s  
f e l l  during development; however, th e re  was a t ra n s ie n t  r i s e  a t  around 
th e  time o f b i r th .  In  th e  b ra in  o f  th e  m alnourished c h ild re n , th e  
co n cen tra tion  o f sphingomyelin was lower and th a t  o f  th e  c h o le s te ro l  
e s te rs  h igher than  normal. The f a t ty  ac id  com position o f th e  
c h o le s te ro l e s te rs  was d if f e r e n t  from th a t  found in  th e  b ra in  o f  th e  
w ell-nourished  ch ild re n .
. Study o f gang liosides o f th e  developing b ra in  of the  r a t  showed 
th a t  in  th is  species a lso , the  major g ang lio sides in  th e  fo re b ra in  
and cerebellum  were G ^ a and Gp^, re sp e c tiv e ly , bu t GDlb was th e  
most predominant f ra c t io n  in  th e  b ra in  stem. U ndem utrition  befo re  
and a f te r  b i r th  re su lte d  in  a h igher co n cen tra tio n  o f gang lio sides 
in  a l l  th re e  p a r ts  o f  th e  b ra in  a t  21 days o f age; however, th e  
co n cen tra tion  was lower than  normal a t  l a t e r  ages. S u b ce llu la r 
f ra c tio n a tio n  o f th e  fo reb ra in  showed th a t  chronic u n d e m u tritio n  
caused a re te n tio n  o f th e  d is ia lo g a n g lio s id e s , G^pa and Gj^b’ i *1 
m yelin, which norm ally d isappear during b ra in  m aturation . L abelling  
o f the b ra in  gang lio sides by in tra p e r ito n e a l ad m in is tra tio n  o f 
D- [ l - 3H] -glucosamine has shown th a t  th e  G ^  o f myelin in  th e  
undernourished r a t s  had a f a s t e r  than normal r a te  o f tu rn -o v er.
I t  i s  suggested th a t  m a ln u tritio n  in  e a r ly  l i f e  in  th e  human, o r 
chronic u n d e m u tritio n  in  th e  r a t  may r e s u l t  in  th e  form ation o f  m yelin 
which i s  chem ically and, so presumably, fu n c tio n a lly , immature fo r  age.
I l l
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CHAPTER 1 
INTRODUCTION
P ro te in -en erg y  m a ln u tritio n  i s  p rev a len t among ch ild re n  and mothers 
o f  th e  developing c o u n tr ie s . Apart from th e  high m o rta lity  r a te  amongst 
th ese  ch ild re n , and p a r t ic u la r ly  amongst those  under 5, th e re  i s  concern 
about th e  p o ss ib le  e f fe c ts  o f  inadequate n u t r i t io n  in  e a r ly  l i f e  on th e  
l a t e r  development o f th e  su rv iv o rs . The sm aller s ta tu r e ,  sm aller b ra in  
and, more im portant, th e  apparen tly  lower m ental c a p a b i l i t ie s  found in  
ado lescen ts  and ad u lts  in  th ese  poor communities have o f te n  been 
c o rre la te d  w ith  r e s t r i c te d  growth in  e a r ly  l i f e  (Stoch and Smythe, 1963, 
1967; Cabak and N ajdanvic, 1965;Cravioto' and Robles, 1965; Cravioto e t  a l , 
1966; Garrow and P ike, 1967; Champakam e t  a l ,  1968; H ertz ig  e t  a l , 1972).
This apparent c o r re la t io n  between e a r ly  m a ln u tritio n  and subsequent 
poor b ra in  development i s ,  however, com plicated by o th e r fa c to rs  such as 
poor c u l tu r a l ,  socio-econom ic, g en e tic  and educational background th a t  a re  
in v a ria b ly  co-ex t an t w ith  m a ln u tritio n  in  an ind igen t community. I t  i s  
th e re fo re  alm ost im possible to  i s o la te  th e  n u tr i t io n a l  f a c to r  from o th e r 
environmental v a r ia b le s  in  complex human s i tu a t io n s ,  and th i s  has prompted 
th e  many s tu d ie s  during th e  p a s t decade on th e  e f fe c ts  o f  m a ln u tr it io n  o f  
v arious kinds a t  v a rio u s  tim es o f l i f e  in  lab o ra to ry  an im als. Animal 
models have sev era l advantages over f i e ld  s tu d ie s  o f  humans. Thus a l l  th e  
environmental fa c to rs  can be s a t i s f a c to r i ly  reg u la ted , leav ing  n u t r i t io n  
as th e  only v a r ia b le . Moreover, animal s tu d ie s  o f fe r  an o p p o rtu n ity  fo r  
c o r re la tin g  behavioural changes w ith  h is to lo g ic a l ,  h istochem ical and 
biochem ical changes in  th e  c e n tra l nervous system,
The main conclusion to  be drawn from th ese  animal s tu d ie s  i s  th a t  
adequate n u tr i t io n  in  e a r ly  l i f e  is  a p re re q u is i te  fo r  th e  growth and 
development o f  a normal b ra in , though th e  e f fe c t  o f  n u t r i t io n  may to
some ex ten t be m odified by o th er fa c to rs  in  th e  environment.
A. B rain development during normal growth
(a) C e llu la r  growth
The b ra in , l ik e  any o th e r organ, grows and develops by an in crease  
in  th e  number o f c e l l s  (h y p e rp la s ia ) , an in c rease  in  th e  s iz e  o f e x is tin g  
c e l l s  (hypertrophy) o r by th e  sim ultaneous occurence o f both  th ese  
processes (Enesco and Leblond, 1962; Winick and Noble, 1965; 1966a).
With th e  excep tion  o f a  few P urk in je  c e l l s  in  th e  cerebellum  and the  
c e re b ra l co rtex  th a t  a re  te t r a p lo id  (Lapham, 1968; Mann and Y ates, 1973), 
a l l  o th e r b ra in  c e l l s  in  a given sp ec ies  a re  d ip lo id  and th e re fo re  
co n ta in  a co n stan t amount o f  DNA. This f a c t  has been used w ith  advantage 
in  es tim a tin g  th e  t o t a l  number o f c e l l s  in  th e  t is s u e  from i t s  DNA. co n ten t. 
Furtherm ore, an es tim ate  o f mean c e l l  s iz e  can be obtained  from th e  r a t io  
o f p ro te in  to  DNA (Winick and Noble, 1965). In  an organ l ik e  th e  b ra in  
w ith  i t s  g re a t anatom ical and m etabolic h e te ro g en e ity  th e  de term ina tion  
o f th e  t o t a l  number o f c e l l s  by th e  use o f  DNA p resen ts  an obvious problem 
in  th a t  i t  does n o t a t  a l l  d i f f e r e n t ia te  between d i f f e r e n t  types o f c e l l s .  
However, th i s  kind o f chemical approach to  growth has made i t  p o ss ib le  to  
make c e r ta in  u se fu l g e n e ra liz a tio n s  about th e  c e l lu la r  growth o f  th e  
t i s s u e .  Indeed, a c lo se r  exam ination o f va lues fo r  th e  DNA co n ten t o f  th e  
developing human b ra in  (Dobbing and Sands, 1973) has made i t  p o ss ib le  to  
d is t in g u is h  a p erio d  o f growth during  which neuronal m u ltip lic a tio n  i s  
tak in g  p lace  from a l a t e r  perio d  during  which g l i a l  m u ltip lic a tio n  i s  
o ccu rring .
As a lread y  in d ic a te d , th e re  a re  th re e  major events th a t  c o n tr ib u te  
to  th e  growth o f  an organ (F ig .l  ) .During th e  f i r s t  phase, growth proceeds 
e n t i r e ly  by c e l l  m u ltip lic a tio n  w ith  a p ro p o rtio n a te  in c rease  in  w eigh t,
p ro te in , RNA and l i p id s ,  so th a t  c e l l  s iz e ,  as measured by weight/DNA or 
protein/DNA, remains co n s tan t. The r a te  o f  DNA accum ulation slow ly 
decreases a t  the  end o f th i s  h y p e rp la s tic  phase o f growth w hile th a t  o f  
o ther c o n s titu e n ts  continues to  in c rease . During th e  second phase, th e re fo re , 
both h y p erp lasia  and hypertrophy occur to g e th e r . In  th e  th i rd  phase, DNA 
syn th esis  stops a lto g e th e r  and th e .c e l ls  grow in  s iz e  by th e  continued 
accum ulation o f p ro te in ,  RNA and l ip id s ,  u n t i l  th e  m ature organ i s  ob ta ined . 
This i s  th e  phase o f hypertrophy alone.
Total
DNA
Total
p ro te in
P ro te in / 
DNA r a t io  
c e l l  s iz e
H yperplasia H yperplasia Hypertrophy M aturity  
alone and alone
Hypertrophy
FIG. 1. The re la tio n sh ip s  between DNA and p ro te in  during th e  fo u r  phases 
o f organ growth. I t  w il l  be observed th a t  DNA co n ten t c r e s ts  and 
le v e ls  o f f  w ell before  organ s iz e  as in d ica ted  by protein/DNA 
r a t io ,  reaches i t s  maximum. Adapted from Winick (1976).
For th e  b ra in ,  th ese  phases o f c e l lu la r  growth have been p re c is e ly  
expressed by Davison and Dobbing (1968) in  terms o f  the  m u ltip lic a tio n  o f  
d i f f e r e n t  types o f  c e l l s  and asso c ia ted  s tru c tu re s :
Stage I Organogenesis and neuronal m u ltip lic a tio n
(hyperp lasia  alone?)
Stage I I  The b ra in  1 growth s p u r t1, includ ing
I I  (a) a  m atura tion  pero id  o f axonal and 
d e n d r i t ic  growth, g l i a l  m u ltip lic a tio n  and 
m yelina tion  (h y p erp las ia .p lu s  hypertrophy)
I I  (b) a  l a t e r  perio d  o f growth in  s iz e  
(hypertrophy only)
Stage I I I  The m ature, a d u lt  s ta te  (m aturity)
A fo u rth  s ta g e , o f s e n ile  re g re ss io n , i s  th e  period  when th e  b ra in  g rad u a lly  
degenerates and lo se s  most o f  i t s  fu n c tio n a l a c t i v i t i e s .
(1) Species d iffe re n c e s
The developm ental s tages in  th e  b ra in  o u tlin ed  above proceed in  a 
seq u e n tia l manner in  a l l  mammalian sp e c ie s . Thus, ap a rt from th e  d iffe re n c e s  
in  th e  gross p ro p o rtio n s  and m orphological com plexity o f d i f f e r e n t  anatom ical 
p a r ts  in  d i f f e r e n t  spec ies  (Bachelard, 1974), th e  p h sy io lo g ica l 
and fu n c tio n a l p ro p e r tie s  o f  nerve c e l l  u n i ts  a re  s im ila r .  The major 
d iffe re n c e  between sp ecies  i s  the  tim ing o f  b i r th  in  r e l a t io n  to  th e  b ra in  
growth sp u r t .  In  some animals th e  b ra in  growth sp u rt occurs p re n a ta l ly  
( e .g . ,  th e  g u in ea -p ig ), in  o thers  p e r in a ta l ly  ( e .g . ,  man and th e  p ig ) and in  
y e t o thers  p u re ly  p o s tn a ta lly  ( e .g . ,  r a t  and mouse) (Davison and Dobbing, 
1966, 1968; D ickerson and Dobbing, 1967a; Dobbing and Sands, 1970a, 1971). 
Thus, th e  event o f  mammalian b i r t h ,  although rep re sen tin g  a  m ajor 
p h y s io lo g ica l m ilestone in  th e  development o f ca rd io v ascu la r and r e s p ir a to ry  
s tru c tu re  and fu n c tio n , i s  apparen tly  o f l i t t l e  s ig n if ic a n c e  to  th e  
development o f th e  c e n tra l  nervous system (Davison and Dobbing, 1968).
(2) S tru c tu ra l d iffe ren ces
Taking in to  co n sid e ra tio n  the g re a t anatom ical h e te ro g en e ity  in  b ra in  
t is s u e , i t  i s  n o t too su rp r is in g  th a t  d i f f e re n t  s t r u c tu r a l  elem ents o f  the  
tis su e  in  the same species  e x h ib it d i f f e r e n t  ra te s  and tim ings o f  
growth sp u r ts . Even sep a ra te  s tu d ie s  o f  gross anatom ical reg ions l ik e  the  
fo reb ra in , cerebellum  and b ra in  stem (Fish and Winick, 1968; Dobbing and 
Sands, 1973; Merat and D ickerson, 1973) are  o f lim ite d  value in  so f a r  as 
the growth sp u rts  o f  various composite s tru c tu re s  in  each o f th ese  regions 
are concerned. Inform ation derived  from th e  whole b ra in  i s  obviously ’a 
b lu rred , a lg eb ra ic  sum o f i t s  in d iv id u a l p a r t s ’ (Dobbing, 1968a). The 
whole d is c ip lin e  o f  neurochem istly  thus su ffe rs  from th is  se t-b a ck  o f  the  
extreme d i f f ic u l ty  in  q u a n ti ta t iv e  i s o la t io n  o f  th e  component p a r ts  o f  t in y  
function ing  areas o f  th e  b ra in  and 'a t  no tim e is  th i s  l im ita tio n  so 
r e s t r i c t iv e  as during development’ .
However, as mentioned e a r l i e r ,  in  d if f e re n t  species as w ell as in  the  
same sp e c ie s , th e  growth o f  the  d if f e r e n t  anatom ical s tru c tu re s  in  the 
nervous t is s u e  proceeds in  a seq u en tia l manner, and th e  complex re la tio n s h ip s  
between the  various anatom ical, m etabolic and chemical compartments o f the  
developing b ra in  continuously  change u n t i l  the  ad u lt mature s t a t e  i s  reached. 
Studies ,of the anatom ical p a r ts  o f  the  b ra in  c i te d  above have rev ea led  the  
f a r  more rap id  r a te  o f  growth o f th e  cerebellum  as compared to  th e  r e s t  o f  
the b ra in  in  a l l  mammalian species examined. Thus in  th e  r a t  (Winick and 
Noble, 1965; Winick, 1970; Dickerson and McAnulty, 1972), th e  DNA con ten t 
o f the cerebellum  in creases  rap id ly  fo r  17 days a f t e r  b i r th  and continues to  
increase  slowly u n t i l  140 days o f  age, whereas th a t  o f  th e  fo re b ra in  
increases more slow ly fo r  21 days w ith  l i t t l e  o r  no subsequent in c re a se . In 
the r a t  b ra in  stem , c e l l  m u ltip lic a tio n  stops a t  about 14 days. In the  p ig  
(Dickerson and Dobbing, 1966, 1967a), although th e  r a te  o f  DNA accum ulation
reaches th e  peak befo re  b i r th  in  both cerebellum  and fo re b ra in , the  r a te  
o f DNA in crease  i s  much g re a te r  in  the cerebellum  than in  the  fo re b ra in  
and DIMA re p lic a tio n  in  th e  former continues fo r  about 15 weeks a f t e r  b i r th  
w hile in  the  l a t t e r ,  i t  continues fo r  over a year. In an ex tensive  s tu d y , 
Dobbing and Sands (1973) showed th a t  th e  growth o f the  human cerebellum  
s ta r t s  somewhat l a t e r  than th a t  o f  th e  fo reb ra in  o r b ra in  stem , b u t proceeds 
a t an e x tra o rd in a r ily  rap id  r a te  and consequently reaches a p la te a u  e a r l i e r  
( i . e .  by 18 months o f age) than the  r e s t  o f  the  b ra in  ( i . e .  a t  about 24 
months). Winick e t  a l  (1970), however, rep o rted  th a t  the  human cerebellum  
and fo reb ra in  grew a t  almost equal ra te s  and th a t  DNA accum ulation in  the  
fo reb ra in  reached a p la te a u  e a r l i e r  ( i . e .  by 12 months) than in  th e  
cerebellum  ( i . e .  by 15 months).
In an e a r l i e r  s tudy , Winick (1968) thought th a t  DNA sy n th e s is  in  th e  
human b ra in  reached a maximum a t  the  age o f  5-6 months. Howard e t  a l  (1969) 
found s im ila r  growth p a tte rn s  o f human fo e ta l  fo reb ra in  and cerebellum  to  
those rep o rted  by Dobbing and Sands (1973).
(3) Growth o f  d if f e r e n t  c e l l  types
One o f th e  most im portant d iffe ren ces  between nerve and o th e r  body 
t is su e s  i s  th a t  th e  c e l ls  o f  th e  nervous system d iv ide 'o n c e -a n d - fo r -a l l* , 
and when the  ad u lt population  o f  a p a r t ic u la r  type o f  c e l l  i s  reached , th e  
c e lls  do no t subsequently  m u ltip ly  in  appreciab le  numbers (Smart and Leblond, 
1961; Altman, 1963), except when re a c tin g  to  in ju ry  (Adrian and W alker, 1962).
The d if f e r e n t  p a r ts  o f  th e  b ra in  n o t only grow a t  d i f f e r e n t  tim es and a t  
d if fe re n t r a te s ,  b u t th e re  i s  a lso  a d iffe ren ce  in  the  tim ing o f  m u lt ip l ic a tio n  
o f various c e l l  types in  a p a r t ic u la r  b ra in  region. P e te rs  and F lexner (1950) 
f i r s t  showed th a t  the  m u ltip lic a tio n  o f neurones and g l ia  are  two consecu tive  
p rocesses. I t  i s  now e s ta b lish e d  from se v e ra l sources (S u g ita , 1917; Altman
and Das, 1965, 1966) th a t  the a d u lt population  e f  neurones in  the r a t  
cerebrum is  almost conplete  a t  b i r th .  C ell m u ltip lic a tio n  in  the  r a t  
b ra in  a f te r  b i r th  i s  m ostly th a t  o f  microneuronal and g l i a l  c e l l s  (S u g ita , 
1918; Altman, 1966; Altman and Das, 1966). Neuronal m u ltip lic a tio n  does, 
however, occur p o s tn a ta lly  in  th e  hippocampus (Altman and Das, 1965). In 
the cerebellum , bo th  neuronal and g l i a l  p recu rso rs  o f a l l  c e l l  types 
continue to  d iv ide  fo r  a t  le a s t  10 days p o s tn a ta lly  (Winick, 1970). There 
i s  a lso  a c tiv e  p r o l i f e r a t io n  o f c e l ls  under the  th i rd  and fo u rth  v e n tr ic le s  
(Winick, 1970) and th e  c e l ls  from under th e  fo u rth  v e n tr ic le  m igrate  to  
the  hippocampus on the  15th p o s tn a ta l day (Altman and Das, 1966).
Less i s  known about the development o f various b ra in  c e l l  types in  
o th e r sp ec ie s . Dobbing and Sands (1970b; 1973) obtained  two peaks o f  DNA 
accumulation in  the  developing human fo re b ra in , th e  f i r s t  o ccu rring  a t  18 
weeks' g e s ta tio n  and th e  second around b i r th .  These authors have in te rp re te d  
the  . f i r s t  peak as corresponding to  th e  peak r a te  o f neuronal m u ltip lic a tio n  
and the second to  th a t  o f  th e  g l i a l  m u ltip lic a tio n . Dobbing and Sands (1973), 
however, observed th a t  th e  ad u lt numbers o f  neurones are n o t com pletely 
p re se n t a t  18 weeks' g e s ta tio n . There i s  an ex tensive p r o l i f e r a t io n  o f  
microneurones and development o f  neuronal in te rconnections a t  about th e  tim e 
o f b i r th  (Mcllwain, 1955). Of considerab le  in te r e s t  i s  th e  f in d in g  by 
Duckett and Pearse (1968) o f  two s p e c if ic  types o f  c e l l s ,  th e  monoamine 
oxidase and th e  C aja l-R etz ius c e l l s ,  which are p re se n t in  th e  human b ra in  
only in  fo e ta l  l i f e  and d isappear befo re  b i r th .  The fu n ctio n s o f  th ese  c e l l s  
o r the  mechanisms o f t h e i r  appearance o r disappearance have n o t been 
adequately s tu d ied .
(4) Polyamines and c e l lu la r  p ro l i f e r a t io n
In te re s t  in  the  polyam ines, sperm idine and sperm ine, and t h e i r  p re c u rso r
p u tre sc in e  which i s  a diamine, has stemmed p r in c ip a lly  from th e  repea ted  
observations th a t  th e  b io sy n th es is  and accumulation o f th ese  amines i s  a 
u n iv e rsa l p re re q u is i te  fo r  growth (Herbst and S n e ll, 1949; Ham, 1964; Maas 
e t  a l ,  1970; Young and S rin ivashan , 1972). This apparent a s so c ia tio n  o f  the  
polyamines w ith  growth i s  c o n s is te n t w ith  th e  in  v i t ro  observations th a t  
polyam ines, due to  t h e i r  s tro n g  c a tio n ic  p ro p e r t ie s , b ind  w ith  n u c le ic  acids 
and n u c le ic  ac id -co n ta in in g  p a r t ic le s ,  e . g . ,ribosomes, and s ta b i l i z e  th ese  
s tru c tu re s  (Tabor, 1961, 1962; G oldstein , 1966; Khawaja and Raina, 1970;
Mahler and Green, 1970; S tevens, 1970; Kimes and M orris, 1973). I t  has 
a lso  been shown in  the  b ra in  o f chick enibiyo (Raina, 1963; C aldarera  e t  a l ,
1965), growing f is h  (S e ile r  and Laniberty, 1973) and newborn r a t s  (Janne e t  a l ,  
1964; S e i le r  and Laniberty, 1975) th a t  a p o s it iv e  c o rre la tio n  e x is ts  in  
b io sy n th esis  and accumulation in  vivo between polyamines and n u c le ic  a c id s , 
p a r t ic u la r ly  between sperm idine and RNA, and le s s  d e f in i te ly  between spermine 
and DNA. Oka and P erry  (1974) observed th a t  sperm idine may p la y  a ro le  in  
the reg u la tio n  o f  p ro te in  b io sy n th e s is .
Spermidine, and then spermine are formed from p u tre sc in e , which i s  in  
tu rn  sy n th esized  from o rn ith in e  by th e  ac tio n  o f o rn ith in e  decarboxylase (ODC) 
(F ig .2 ) .  Speimidine and spermine are  th e  main polyamines in  a d u lt animal 
t is su e s  and p u tre sc in e  i s  p re se n t in  minute amounts (Bachrach, 1973; Raina 
and Janne, 1975). But during ea rly  development, fo r  example in  th e  fo e ta l  
b ra in  o f  th e  r a t  (S e ile r  and Laniberty, 1975) and man (Sturman and G aull, 1974), 
the  concen tra tion  o f p u tre sc in e  i s  very h igh . The ODC a c t iv i ty  a t  th i s  tim e 
is  a lso  very high (Anderson and Schanberg, 1972; Sturman and G aull, 1974).
The p u tre sc in e  concen tra tion  then ra p id ly  decreases w ith  age and reaches 
ad u lt values by the  second week o f  p o s tn a ta l l i f e  in  the  r a t  ( S e i le r  and 
Laniberty, 1975). P u tresc in e  sy n th es is  from o rn ith in e  in  the  l i v e r  r is e s  
sh a ip ly  immediately a f te r  p a r t i a l  hepatectom y, w ith  a r e s u l ta n t  ra p id
accumulation o f  endogenous p u tre sc in e  (Janne, 1967; Janne and Raina, 1968).
the  a c t iv i ty  o f  ODC (Janne and Raina, 1968; R usse ll and Snyder, 1968). 
Since i t  i s  suggested th a t  ODC is  a l im itin g  enzyme fo r  th e  reg u la tio n  o f 
th e  r a te  o f poly amine sy n th esis  (Raina and Janne, 1970; Raina e t  a l , 1970) 
and because the  polyamines seem to  be involved in  n u c le ic  ac id  s y n th e s is , 
i t  has been suggested (R u sse ll, 1970) th a t  e lev a ted  le v e ls  o f  ODC in  
rap id ly  growing and regenera ting  tis s u e s  might ’prim e' them when about to  
undergo rap id  p ro l i f e r a t io n .  Indeed, ODC a c t iv i ty  in  s t a t i c  o r  nongrowing 
t is s u e s  i s  almost undetectab le  (R u sse ll, 1973).
FIG. 2. Schematic re p re se n ta tio n  of polyamine b io sy n th esis  in  mammals.
Hie in creased  p u tre sc in e  sy n th es is  i s  th e  r e s u l t  o f  a marked in crease  in
From R usse ll (1973)
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(b) . L ipids o f  the developing b ra in
The c e l lu la r  p ro l i f e r a t io n  in  the  b ra in  described  above i s  follow ed by 
growth o f  th e  c e l l s ,  axons, and d en d rite s  and l a t e r  by m yelination . This 
phase o f growth i s  accompanied by the  d eposition  o f  la rg e  amounts o f  l ip id  
m a te r ia ls . With the exception o f  a sm all p ro p o rtio n  th a t  i s  concerned in  
dynamic processes such as ion tra n sp o r t (Hokin and Hokin, 1964), the bu lk  o f 
the b ra in  l ip id s  i s  lo ca ted  in  th e  s t r u c tu r a l  components o f  various membranes 
and e sp e c ia lly  myelin (Adams e t  a l ,  1963; Eichberg e t  a l ,  1964;Seminario e t  a l  
1964; Soto e t  a l ,  1966; Cuzner and Davison, 1968; D alai and E in s te in , 1969). 
Thus, the  r a te  o f acc re tio n  in  th e  b ra in  o f  the  l ip id s  would be governed by 
th e  r a te  o f  sy n th es is  o f  th e  whole component s tru c tu re  o f  th e  membranes. In 
o th er words, the  changes in  l i p id  composition (both in  terms o f  molar 
p roportions o f  d if f e r e n t  l ip id  groups and m olar p roportions o f  various 
species o f  a s in g le  group) during the development o f  the  b ra in  a re  the 
re f le c tio n s  o f  a m atu ra tional process o f th e  d if f e r e n t  membranes, and when 
the mature s ta t e  i s  reached, no fu r th e r  change in  the l ip id  p a t te rn  is  
observed (S periy , 1962; Suzuki, 1965; Suzuki e t  a l , 1967; Cuzner and Davison, 
1968; D alai and E in s te in , 1969; V anier e t  a l ,  1971; M srat and D ickerson,
1973). The l ip id  composition o f  th e  b ra in  a t  a veiy  e a r ly  s tag e  o f  
development i s  s im ila r  to  th a t  o f  o th e r  t is s u e s  (Davison and Dobbing, 1968), 
b u t due to  th e  rap id  sy n th e s is  o f  l ip id s  in  th e  b ra in  during development 
compared to  th a t  in  o th e r  organs, th e  l ip id  co n ten t and com position o f 
mature nervous t is s u e  i s  markedly d if f e r e n t  from th a t  in  the  r e s t  o f  the  body. 
The b ra in  a lso  d if f e r s  from o th e r body t is s u e s  in  th a t  i t  is  r ic h  in  more 
p o la r  and complex l ip id s  compared w ith  th e  abundance o f  n e u tra l  f a t s  in  the  
r e s t  o f  th e  body (Dickerson, 1968a). The sequence o f l i p i d  d ep o sitio n  a t  
various s tages o f  b ra in  development does n o t d i f f e r  e s s e n t ia l ly  between 
species  (Davison and Dobbing, 1968) b u t i t  does d i f f e r  in  th e  various
s tru c tu re s  o f  th e  same b ra in , p a ra l le l in g  th e  growth sp u rts  o f  the  d if f e re n t  
components.
(1) C ho lestero l
C ho les te ro l i s  the  only s te ro l  p re se n t in  the  ad u lt nervous system  and 
accounts fo r  about 40% o f  to t a l  l ip id s  in  the b ra in  (Cuzner and Davison, 1968). 
In the  developing b ra in , however, desm osterol (Kritchevsky and Holmes, 1962; 
Fumagalli and P a o le t t i ,  1963) and zymosterol (H olstein  e t  a l ,  1966) are 
a lso  p re sen t in  sm all amounts and appear to  be p recu rso rs  o f  c h o le s te ro l.
Since about 70% o f  t o t a l  b ra in  ch o le s te ro l i s  p re se n t in  myelin (Davison and 
Dobbing, 1966), c h o le s te ro l isL used as a rough index o f  m yelination . The 
r a te  o f  accum ulation o f ch o le s te ro l in  th e  b ra in  during development has been 
s tu d ied  in  various sp e c ie s , includ ing  man. In each sp e c ie s , th e  peak r a te  
o f c h o le s te ro l sy n th es is  occurred sometime a f t e r  the  peak p e rio d  o f  c e l lu la r  
m u ltip lic a tio n . Thus, in  the r a t  (Dobbing and Sands, 1971) i t  occurred  a t  
15-18 days a f t e r  b i r t h ,  in  the  guinea-p ig  (Dobbing and Sands, 1970a), a t  
the  time o f b i r t h ,  in  th e  p ig  (Dickerson and Dobbing, 1967a) a few days 
a f te r  b i r t h ,  and in  man (Dobbing and Sands, 1973) during th e  f i r s t  8 months 
a f te r  b i r th .  These are the periods when m yelination  i s  tak in g  p lace  a t  i t s  
maximum ra te  in  the re sp ec tiv e  sp ec ies . Moreover, the  c e l l s  th a t  m u ltip ly  
ju s t  befo re  the peak c h o le s te ro l sy n th es is  are  alm ost a l l  o lig o d en d ro g lia  
th a t  form around the  nerve axons the  myelin shea th  (Bensted e t  a l ,  1957).
(2) C ho leste ro l e s te rs
Most o f th e  c h o le s te ro l in  the ad u lt nervous t i s s u e  i s  in  th e  f re e  form, 
and only tra c e  amounts o f e s te r i f i e d  c h o le s te ro l are p re se n t (B ran te , 1949; 
Cumings e t  a l ,  1958). However, s ig n if ic a n t  amounts o f  e s te r s  o f  c h o le s te ro l 
(Davison, 1965) and desmosterol (Fumagalli & P a o le t t i ,  1963) a re  found in  the  
developing c e n tra l  nervous system. C ho leste ro l e s te r s  t r a n s ie n t ly  in c rease
a t  the  beginning o f m yelination and then g radually  decrease and d isappear 
from the  b ra in  as m yelination  proceeds. Thus, they are found in  la rg e r  
amounts in  the chicken b ra in  ju s t  before hatch ing  and in  the  chick cord a t  
the 14th to  16th day o f incubation  (Adams and Davison, 1959), in  the  r a t  
b ra in  7-27 days o f age (P ritc h a rd , 1963; Eto and Suzuki, 1972), in  the  
ra b b it  b ra in  a t  17-33 days (Clarenburg e t  a l ,  1966). In the  human cord 
they are  p re sen t a few weeks before b i r th  and in  the  coipus collosum a few 
weeks a f t e r b i r t h  (Adams and Davison, 1959). The concen tra tion  o f  c h o le s te ro l 
e s te rs  i s  abnormally high in  degenerating nerve and in  dem yelinating d iso rd ers  
(Davison and Wajda, 1962; Simon, 1966). The f a t ty  acids o f  c h o le s te ro l 
e s te rs  resemble in  some resp ec ts  those o f th e  phospholipids (Svennerholm, 1968; 
A ilin g  and Svennerholm, 1969), although the concen tra tions o f  p a lm ito le ic  
and l in o le ic  acids o f  c h o le s te ro l e s te rs  are many times h ig h e r and those o f  
the  f a t ty  acids o f  th e  l in o le n ic  ac id  s e r ie s  lower than those o f  the  
phospholip ids. The da ta  in d ic a te  th a t  these  e s te rs  may serve  as c a r r ie r s  o f  
f a t ty  acids th a t  are  tra n sp o rted  to  and from o th e r  s t r u c tu r a l  l i p id s ,  such 
as phospho lip ids, during th e i r  b io sy n th es is  and degradation , re sp ec tiv e ly , as 
w ell as during m yelination and dem yelination. They may a lso  be the  p recu rso r 
fo r  the  form ation and deposition  o f f re e  c h o le s te ro l in  the  m aturing myelin 
sheath  (Adams and Davison, 1959).
(3) Phospholipids
Phospholipids account fo r  20-25% o f th e  d iy  w eight o f  mammalian b ra in  
(Dickerson, 1968b). Choline phosphoglyceride is  the major phospho lip id  in  
the  b ra in  (Dickerson and Dobbing, 1967b;Svennerholm and V an ier, 1972), and 
s in ce  only 38% o f i t  i s  found in  the  nyelin  (Cuzner e t  a l ,  1965), phospholip ids 
are n o t a s u ita b le  marker o f  m yelination , although, ethanolam ine phosphorgly- 
cerides and sphingomyelin in crease  during m yelination  (Johnson e t  a l , 1949;
Cumings e t  a l ,  1958; Svennerholm and V anier, 1972). The r is e  in  th e  
concentration  o f  phospholip ids during b ra in  development i s  p ro p o rtio n a lly  
le ss  than th a t  o f  c h o le s te ro l. For example, in  th e  r a t  b ra in  (Cuzner and 
Davison, 1968), between 10 days o f age and adulthood, phospho lip id  
increased  4 -fo ld , w h ils t  c h o le s te ro l in c reased  6- fo ld . The t o t a l  phospho lip id  
concentration  and th e  d is t r ib u t io n  o f  th e  major in d iv id u a l p h ospho lip id  
species have been s tu d ied  in  the  developing human b ra in  by se v e ra l in v e s t ig a to rs .  
However, in  most cases, th ese  s tu d ie s  have involved few samples o f  th e  whole 
b ra in  o r a s in g le  anatom ical p a r t  o f  i t  (Johnson e t  a l ,  1948, 1949; Cumings 
e t  a l , 1958; Balakrishnan e t  a l , 1961; Svennerholm, 1964; Clausen e t  a l ,  1965; 
Svennerholm and V anier, 1972). In a l l  cases where c h o le s te ro l was a lso  
measured (Cumings e t  a l ,  1958; Svennerholm and V anier, 1972), i t  was 
demonstrated th a t  c h o le s te ro l in creased  more than th e  p h ospho lip ids. Amongst 
the phospho lip ids, cho line phosphoglyceride (CPG) c o n tr ib u te s  th e  g r e a s te s t  
p roportion  in  the  e a rly  s tag e  o f  development bu t i t s  percen tage c o n tr ib u tio n  
decreases w ith  age w hile th a t  o f ethanolam ine phospholg lyceride (EPG) 
increases . The p ro p o rtio n  o f  sphinogomyelin (SPh) a lso  in c re a se s . The 
ex ten t o f  th ese  in creases  i s  more pronounced in  w hite  than in  grey m a tte r  
(Svennerholm and V anier, 1972).
In v estig a tio n s  o f whole human p o s tn a ta l b ra in s  (Rosso e t  a l ,  1970) 
in d ica ted  th a t  th e  lipid/DNA r a t io  ( th e  amount o f  l i p id  p e r  c e l l )  r i s e s  from 
sh o rtly  a f t e r  b i r th  u n t i l  a t  le a s t  2 years  o f  age. The in c rease  i s  r e f le c te d  
in  a r is e  in  both  the  cholesterol/DNA r a t io  and th e  phospholipid/DNA r a t io .
Thus, p o s tn a ta l l i p id  sy n th es is  proceeds a t  a f a s t e r  r a te  than DNA s y n th e s is .
This i s  due to  th e  rap id  m yelination occu rring  a t  th is  tim e as w e ll as th e  
decrease in  the  r a te  o f DNA sy n th es is  (Winick e t  a l ,  1970).
(4) Cerebrosides and gang liosides
Cerebrosides and th e i r  su lp h a te  e s te r s ,  and g an g lio sid es  form th e
g a la c to lip id s  o f  the  b ra in . T heir s tru c tu re  and lo c a liz a tio n  in  th e  b ra in  
have’been reviewed and described  (D ickerson, 1968a). Cerebrosides con tain  
only one molecule o f hexose, e i th e r  galac tose  o r , ra re ly  g lucose , p e r 
molecule and they do no t con tain  s i a l i c  ac id . Cerebrosides are  c h a rac te r­
i s t i c a l l y  w hite m atte r c o n s ti tu e n ts ,  and in  ad u lt b ra in  up to  90% o f  t o t a l  
cerebrosides may be p re sen t in  myelin (Eichberg e t  a l , 1964; Cuzner e t  a l ,  
1965; Evans and Finean, 1965). On the  o th e r hand, g ang lio sides a re  s i a l i c  
ac id -co n ta in in g  g ly co sp h in g o lip id s , having four hexose m oieties (g lucose, 
g a la c to se , g a lac to se , galactosam ine) p e r  m olecule. The s i a l i c  ac id  group 
i s  norm ally conjugated to  an a ce ty l group to  form N -acetylneuram inic ac id  
(NANA), bu t glucosylneuram inic ac id  (NGNA) has a lso  been rep o rted  
(Svennerholm, 1964; Ledeen, 1966). The gang liosides from th e  b ra in
are a m ixture o f  a t  le a s t  ten  sp ec ies  which have been sep ara ted  and 
ch a rac te rize d  by th in - la y e r  chromatography (Ledeen, 1966). About 90% o f  th e  
t o t a l  gangliosides are  accounted fo r  by four species -  one monosialo (G j^ ), 
two d is ia lo  (G ^
nomenclature i s  th a t  o f  Svennerholm (1963). The Korey and Gonatas (1963) 
nomenclature fo r  th e  corresponding gang liosides i s  G^, G^, G2 > and G^  
re sp e c tiv e ly . G angliosides are  c h a r a c te r is t ic a l ly  grey m a tte r  c o n s titu e n ts  
and are la rg e ly  confined to  those areas o f  the  b ra in  th a t  con ta in  neurones 
(Lowden and Wolfe, 1964; Spence and Wolfe, 1967). Due to  th is  r e la t iv e  
s p e c i f ic i ty  in  lo c a liz a tio n s  o f  th e  cerebrosides and g an g lio s id es , i t  might 
be expected th a t  changes in  th e  amounts o f  th ese  g ly co lip id s  during b ra in  
development would be d ire c t ly  r e la te d  to  m yelination , and neuronal e la b o ra tio n  
(e .g . d e n d ritic  a rb o r iz a tio n ) , re sp e c tiv e ly .
Studies o f  cereb rosides in  th e  developing r a t  b ra in  (Kishimoto e t  a l ,  
1965; G alli and Cecconi, 1967; Cuzner and Davison, 1968) have indeed shown 
th a t  the  deposition  o f  cereb rosides and su lp h a tid es  more c lo se ly  p a r a l le l s
a and G j^ )  one t r i s i a l o  (G ^) g an g lio s id es . The above
the deposition  o f  myelin than does c h o le s te ro l ,  so th a t in  th e  r a t  th e re  are  onl 
tra c e  amounts o f th ese  l ip id s  in  the  b ra in  during th e  f i r s t  10  days o f 
p o s tn a ta l l i f e  (before th e  onse t o f  m yelination) and the  r a te  o f  accumulation 
in creases from 10 days reaching a maximum a t  22 days a f t e r  b i r th .
However, both in  v i t r o  (Maker and Hauser, 1967) and in  vivo (Burton e t  a l ,
1958; Davison and Gregson, 1966) in co rp o ra tio n  s tu d ie s  have shown the 
maximum ra te  o f  cereb rosides and su lp h a tid e  sy n th esis  to  occur a t  11-15 days 
o f age. The b a s is  o f  th is  apparent d iscrepancy between the a n a ly t ic a l  and 
iso tope s tu d ie s  i s  n o t c le a r ly  understood (Davison and Dobbing, 1968).
G angliosides, as lipid-NANA, have been ex ten siv e ly  s tu d ie d  in  th e  
developing r a t  b ra in  (P ritch a rd  and C antin , 1962; Burton e t  a l ,  1963; James 
and Fotherby, 1963; Suzuki, 1965; Rosenberg and S tem , 1966; Spence and 
Wolfe, 1967; Wells and D ittm er, 1967; Sandhoff e t  a l , 1968; V anier e t  a l ,
1971; Merat and D ickerson, 1973). S tudies have a lso  been conducted in  b e e f  
(Hooghwinkel, 1969), p ig  (Merat and D ickerson, 1973), ra b b it  (Merat; S a jja d i & 
Dickerson; unpublished), and the  chicken (Rojner, 1975) b ra in .
There i s  a lack  o f  agreement about th e  abso lu te  amounts o f  NANA o f  
th e  r a t  b ra in , ob ta ined  in  d i f f e r e n t  la b o ra to r ie s , which can be a t t r ib u te d  
to  d iffe ren ces  in  methodology o f  e x tra c tio n  and assay. However, th e  g eneral 
f ind ing  is  th a t  accumulation o f  lipid-NANA s ta r t s  e a r ly  in  development and 
reaches a peak r a te  between 8-15 days a f t e r b i r t h ,  w ith  l i t t l e  in c re a se  
a f te r  21 days. The gang lio side  p a t te rn  o f  th e  whole b ra in  (Suzuki, 1965; 
Sandhoff e t  a l ,  1968; V anier e t  a l ,  1971) shows th a t  G j^  (G^) c o n s ti tu te s  
the major p roportion  o f  th e  t o t a l  g an g lio s id es , bu t a c lo se r  exam ination o f  
d if fe re n t anatom ical p a r ts  o f th e  b ra in  (Merat and D ickerson, 1973) has 
shown % la  to  be the  major g an g lio sid e  in  the  fo re b ra in , G ^^  in  th e  b ra in  
stem and Gp  ^ in  the  cerebellum . Sub c e l lu la r  f ra c tio n a tio n  has dem onstrated
th a t  w ith  the  exception o f m yelin, the  gang lio side  p a tte rn s  o f  o th e r  
c e l lu la r  f ra c tio n s  are s im ila r  to  th a t  in  the whole b ra in  (Eichberg e t  a l ,  
1964; Hamberger and Svennerholm, 1971; Avrova e t  a l ,  1973). In m yelin , 
the  gangliosides are m ostly (Suzuki e t  a l , 1967).
Reports on th e  gang lio sides o f  th e  developing human b ra in  are  r e la t iv e ly  
few and only concerned w ith  e i th e r  th e  whole b ra in  (Suzuki, 1965) o r  the  
ce re b ra l w hite and/or grey m atte r (Cumings e t  a l ,  1958; V anier e t  a l ,  1971; 
Svenneiholm and V anier, 1972). In the human too , G^^a i s  the  m ajor spec ies  
in  th e  whole b ra in  o r th e  grey m atte r and Gpp in  the  cerebellum . But in  
th e  w hite m a tte r, G^p c o n s ti tu te s  th e  h ig h e s t percentage o f  th e  t o t a l  
(Vanier e t  a l ,  1971).
(c) Myelin l ip id s  during b ra in  m aturation
E arly  ideas about th e  com position o f  myelin were based on deductions 
made from the changes in  composition o f th e  b ra in , p a r t ic u la r ly  th e  w hite  
m a tte r, th a t  took p lace  during the  p e rio d  o f m yelination (Johnson e t  a l ,
1948, 1949; F o lch-P i, 1955). For in s ta n c e , th e  f a c t  th a t  c e reb ro s id e s , 
ethanolam ine phosphoglycerides, sphingomyelin are  m y e lin -sp ec ific  l ip id s  
was deducted from th e i r  in c rease  w ith  age in  the b ra in  w hile o th e r  l ip id s  
e i th e r  remained constan t o r decreased in  p ro p o rtio n . The development o f 
d i f f e r e n t ia l  and g ra d ie n t-u ltra c e n tr ifu g a tio n a l techniques fo r  th e  se p a ra tio n  
o f myelin and o th e r s u b c e llu la r  o rg an e lle s  (August e t  a l ,  1961; Laatsch e t  
a l , 1962; Adams e t  a l , 1963; A u tilio  e t  a l ,  1964; Eichberg e t  a l ,  1964; 
W hittaker, 1965) has re su lte d  in  the  i s o la t io n  and an a ly s is  o f  CNS m yelin 
o f  sev e ra l sp e c ie s , e .g . the  r a t  (Cuzner e t  a l ,  1965; Cuzner and Davison, 
1968; BaniK and Davison, 1969), th e  mouse (Horrocks e t  a l , 1966), th e  
guinea-p ig  (Eichberg e t  a l ,  1964), th e  ra b b it  (D alai and E in s te in ,  1969), 
th e  ox (Cuzner e t  a l ,  1965; Norton and A u ti l io ,  1965, 1966; Soto e t  a l ,
1966) and man (Cuzner e t  a l ,  1965; O’B rien , 1965; O’Brien and Sampson,1965; 
G erstl e t  a l ,  1967). I t  appears th a t  the  l ip id  com position o f CNS m yelin 
i s ,  in  g en e ra l, s im ila r  in  a l l  the  species  c i te d  above, having a molar 
r a t io  o f  c h o le s te ro l : to ta l  phospho lip id s: t o t a l  g a la c to lip id s  o f  2 : 2 :1 , 
approxim ately. During the  development o f  the  b ra in  th e  l ip id  com position 
o f  m yelin changes (Davison e t  a l ,  1966; Banik and Davison, 1969). Thus, 
in  e a r ly  m yelin, cerebroside con ten t i s  le s s  in  p ro p o rtio n  to  phospho lip ids, . 
and i t s  p ro p o rtio n  in c re a se s , w hile th a t  o f  phospholip ids d ecreases, w ith  
a g e ,u n til  m a tu rity  i s  reached, e .g .  a t  30 days o f  age in  th e  r a t .  I t  has 
been p o s tu la te d  th a t  immature m yelin i s  a m ixture o f  ’mature ’ m yelin and 
th e  plasma membranes o f  o lig o d en d ro g lia l c e l l s  (Cuzner & Davison, 1968) and 
th a t  w ith  in c reasin g  age, i t  undergoes a p rocess o f  m aturation  during which 
cerebroside  molecules are  in se r te d  in to  the  g l i a l  c e l l  membranes which then  
are continuously  la id  down in  a s p ir a l  fash io n  around nerve axons to  form the 
iiy e lin  . shea th . Support fo r  th is  view i s  derived  from an e a r l i e r  observation  
(Cuzner e t  a l , 1965) th a t  m yelin from lower species  l ik e  the  frog  and th e  
dogfish  contains le s s  cereb rosides and ra th e r  more phospholip ids than  th a t  
o f  h ig h er spec ies  and could p o ss ib ly  rep re sen t a le s s  d if f e r e n t ia te d  form 
o f  th e  membrane.
Myelin con tains a sm all amount o f  g an g lio sid es  (Norton and A u ti l io ,
1966; Suzuki e t  a l ,  1967; 1968; Kamoshita e t  a l ,  1969; Avrova e t  a l ,  1973; 
Ledeen e t  a l ,  1973; Yu and Yen, 197^,and Suzuki e t  a l  (1967) have shown 
in te re s t in g  changes in  the  gang lio side  p a t te rn  th a t  occur in  r a t  CNS m yelin 
during i t s  m aturation . Thus, the p ro p o rtio n  o f  which i s  a lread y  high  
in creases  fu r th e r  w ith  age w h ils t the  p roportions o f  o th e r  m ajor 
gang lio sides decrease , so th a t  in  the  a d u lt animal G ^  accounts fo r  about 
90s o f  t g t a l  m yelin NANA.. The d is t r ib u t io n  o f  gan g lio sid es w ith in  m yelin
a t  a c e r ta in  s tag e  o f  development may th e re fo re  be used as a r e l ia b le  
marker o f  th e  degree o f  m aturation  o f  m yelin a t  th a t  s ta g e . CNS
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m yelin a lso  con ta ins a s i eecfek; amount o f  s ia lo s y lg a la c to sy l ceramide 
(Ledeen e t  a l ,  1973; Yu e t  a l , 1974).
P e rip h e ra l nerve myelin has n o t been as ex ten s iv e ly  s tu d ied  as 
CNS m yelin, and i t  appears th a t  th e  l ip id  com position o f  p e r ip h e ra l 
nerve m yelin d i f f e r s  from th a t  o f  CN^  m yelin, fo r  i t  con tains ra th e r  
more phospholip ids and le s s  cerebosides (P a tte rso n  and F inean, 1961;
Evans and F inean, 1965; O’Brien e t  ad , 1967). R ecently , Fong e t  a l  (1 9 ^ )  
have rep o rted  th e  presence o f a sm all amount o f  g ang lio sides in  the  m yelin 
from p e r ip h e ra l nerves (PNS) (bovine sp in a l r o o ts , bovine s c i a t i c  nerve and 
human s c i a t i c  n e rv e ) . S ia lo sy lg a la c to sy l ceramide could n o t be d e tec ted  
in  th e  TLC p a tte rn s  o f  any o f  th ese  m yelin p rep ara tio n s  from p e r ip h e ra l 
nerves. However, th e  PNS gang lio sides contained  a band between and G ^ , 
which i s  no t seen in  CNS m yelin gan g lio sid e  p a t te rn .  In v es tig a tio n s  o f 
the  sy n th es is  o f  cereb rosides by incubating  sp in a l cord t i s s u e  s l ic e s  
from p ig le ts  o f  between 100 days g e s ta tio n a l  age and 65 days postpartum  
(Foulkes and P a tte rso n , 1974) have shown peaks o f sy n th e tic  a c t iv i ty ,  one 
occurring  in  fo e ta l  l i f e  and another a t  about 17 days o f  age. These au thors 
r e la te d  th e  f o e ta l  phase o f  m yelination  to  th e  considerab le  p h y s ic a l a c t iv i ty  
o f  the  new-born p ig ,  and the  p o s tn a ta l phase to  th e  genera l growth o f  the  
animal and i t s  in c reased  range o f  a c t iv i ty .
(d) Metabolism o f  CNS l ip id s  :m etabolic in e r tn e ss  o f  m yelin
Once th e  mature a d u lt s ta te  (Stage I I I )  i s  reached, th e  co n cen tra tio n  
and com position o f  b ra in  l ip id s  during subsequent growth remains remarkably 
constan t and i s  n o t changed by environm ental s tre s s e s  such as u n d e m u tr itio n  
(Smith, 1963 ; M cllwain, 1966; Jo e l e t  a l ,  1967; Dobbing, 1968a). This 
m etabolic s t a b i l i t y  o f  ad u lt b ra in  c o n s titu e n ts  has been known s in ce  the
l a t e  1930's when i t  was found th a t  ra d io a c tiv e  p re c u rs o rs .l ik e  d eu tera ted
f a t ty  ac ids (Cavanagh and Raper, 1939; Sperry e t  a l , 1940), 32P-orthophosphate
(Hevesy, 1940), o r  d eu te ra ted  w ater (Waelsch e t  a l ,  1940) were only
slow ly and poorly  incorporated  in to  th e  b ra in  l ip id s  o f  a d u lt  anim als,
although th e  l ip id s  o f  o th e r organs in  a d u lts  o r  th e  b ra in  l ip id s  o f  younger
animals were ex ten s iv e ly  la b e lle d . Subsequent s tu d ie s  (mainly from D avison 's
la b o ra to ry )  (Davison, 1964) e labo rated  th ese  e a r ly  f in d in g s . Thus Davison
e t  a l  (1958, 1959a), in  long term experiments in  th e  ch ick  and r a b b i t ,
14dem onstrated th e  p e rs is te n c e  o f C -cho leste ro l in  th e  b ra in , p a r t ic u la r ly  
in  th e  w hite m a tte r, long a f te r  i t s  in je c t io n . There was even no s tr u c tu r a l  
rearrangem ent in  th e  ch o le s te ro l molecule so th a t  th e  ra d io a c tiv e  la b e l 
was in  th e  same p o s it io n  (Davison and Wajda, 1959). S ince th e  w hite m a tte r  
i s  composed predom inantly o f m yelin, and c h o le s te ro l i s  predom inantly 
lo c a liz e d  in  th e  m yelin sheath , th ese  r e s u l ts  in d ic a te d  th a t  much o f  th e  
m etabolic in e rtn e ss  o f th e  whole b ra in  was due to  th a t  o f  th e  m yelin . L ip ids 
which a re  more s p e c i f ic a l ly  loca ted  in  m yelin, fo r  example ce reb ro sid es  
(Davison e t  a l ,  1959b), su lp h a tid es  (Radin e t  a l ,  1957; P r itc h a rd , 1966) 
and p ro te o lip id  p ro te in  (F urst e t  a l , 1958; Davison, 1961) a lso  had a very  
slow r a te  o f  tu rn -o v e r.
D irec t p roo f o f  th e  r e la t iv e  m etabolic s t a b i l i t y  o f  m yelin came from
of su lp h a tid e  (Davison and Gregson, 1962, 1966; Smith and Eng, 1965) and
gan g lio sid e  (Gj^) (Suzuki, 1970) an a ly s is  o f  m yelin i t s e l f .  However, n o t
a l l  b ra in  o r m yelin c o n s titu e n ts  a re  m e tab o lica lly  i n e r t ,  s p e c ia l ly  amongst
th e  d if f e r e n t  phospholip ids (Smith and Eng, 1965). E a r l ie r  o b serv a tio n s
32(Dawson and R ich te r , 1950; A nsell and Dohmen, 1957) th a t  P-phosphate 
was ra p id ly  incorporated  in to  a d u lt b ra in  phospholip ids w ith in  a few hours 
o f  in je c t io n , and th a t  some phosphatide spec ies  l ik e  in o s i to l  phosphoglyceride 
and phosphatid ic  ac id  showed f a s te r  r a te s  o f  tu rn -o v e r compared to  o th e r
sp ec ie s , made th e  whole concept o f  m etabolic s t a b i l i t y  o f  b ra in  l ip id s  
ra th e r  d o u b tfu l. But a s e r ie s  o f  in v e s tig a tio n s  conducted by Davison 
and h is  colleagues (Davison e t  a l ,  1959b; Davison and Dobbing, 1959, 1960a, 
1960b) made i t  c le a r  th a t  only a r e la t iv e ly  sm all phospholip id  compartment 
was involved in  dynamic a c t iv i ty  and th e  rap id  la b e ll in g  o f  phospholip ids 
was due to  th i s  m e tab o lica lly  a c tiv e  compartment. S im ila rly , only 0.2% 
o f  th e  whole m yelin su lp h a tid es  was found to  be h igh ly  m e tab o lic a lly  
a c tiv e  ( h a l f - l i f e  o f  only  2.7 days) w hile th e  remaining su lp h a tid es  were 
r e la t iv e ly  s ta b le  ( h a l f - l i f e ,  138 days) (Davison and Gregson, 1962). In  
o th e r experim ents, ch o lin e  and in o s i to l  phosphoglycerides (Smith and Eng, 
1965; Eng and Smith, 1966) and a lso  polyphosphoinositides (Eichberg and 
Dawson, 1965; Dawson, 1966) o f  m yelin were found to  undergo ra p id  exchange 
w ith  ^ C -a c e ta te  o r  32P-phosphate. I t  th e re fo re  appears th a t  th e  l i p id  
metabolism in  th e  c e n tra l  nervous system and more so in  th e  m yelin sheath  
i s  a heterogeneous p ro cess . This m etabolic h e te ro g en e ity  o f  m yelin, p lus 
the  observed uniform  m etabolic behaviour o f  i t s  c o n s titu e n ts  e i th e r  during 
m yelination  o r  a t  m a tu rity  was explained on th e  b a s is  o f  th e  assum ption 
(Davison, 1968) th a t  th e  myelin sheath  i s  composed o f  many su b u n its  lay ered  
one upon an o th er, in s te a d  o f  being formed by continuous la y e rs  o f  membranes 
(Finean, 1965; Vandenheuvel, 1965), so th a t  th e re  i s  a  slow continuous 
in terchange o f  p a r t ic le s  randomly in  a l l  d ire c t io n s .  This assum ption is  
c o n s is te n t w ith  th e  r e s u l t s  o f  s tu d ie s  w ith  th e  e le c tro n  m icroscope th a t  
have shown th a t  o th e r  b io lo g ic a l membranes, fo r  example those  in  
c h lo ro p la s ts  and m itochondria (S jo stran d , 1963) were composed o f  d is c r e te  
su b u n its . Although under th e  e le c tro n  microscope th e  m yelin sh ea th  i s  
seen as continuous lam inae, Gent £ t  a l  (1.964) were ab le  to  i s o la te  membrane 
subun its  from ly s o le c i th in - t re a te d  m yelin. These subun its  were id e n t ic a l  
in  e le c tro p h o re tic  m o b ility  and chemical p ro p e r tie s .
B. B rain development in  n u tr i t io n a l ly  deprived animals
(a) Hypothesis o f  v u ln e ra b il i ty
The whole p rocess o f  b ra in  development described  in  th e  preceding 
s e c tio n  is  accomplished by a s e r ie s  o f  continuous and sometimes overlapping 
events th a t  proceed fo r  a long tim e u n t i l  th e  m ature a d u lt  t i s s u e  has 
emerged. The organogenesis o f  th e  b ra in , follow ed by c e l lu la r  p r o l i f e r a t io n  
and s t i l l  l a t e r  by th e  seq u en tia l d ep o s itio n  o f  i t s  c o n s titu e n ts  must 
proceed in  an o rd e rly  fa sh io n  r e la t iv e  to  age w ith  th e  promotion o f  th e  
coherent, complex in te r - s t r u c tu r a l  re la tio n sh ip s  o f  th e  d i f f e r e n t  p a r t s ,  
i f  a normal a d u lt  b ra in  i s  to  be formed. Any adverse e x t r in s ic  (environ­
m ental) o r  i n t r in s ic  (g en etic ) in te rfe re n c e  w ith  th is  programme in s t i tu te d  
a t  any time during th e  developmental process w i l l  have an e f f e c t  on th e  
b ra in , and because o f  th e  o n c e -an d -fo r-a ll growth by c e l l  m u lt ip l ic a tio n  o f  
th e  b ra in  and th e  m etabolic  in e r tn e ss  o f  i t s  c o n s ti tu e n ts ,  th i s  e f f e c t  may 
in  some cases be permanent. This apprehension has le d  to  th e  development 
o f  a hypothesis o f  'v u ln e r a b i l i ty ' o f  th e  b ra in  (Davison and Dobbing, 1966; 
Dobbing, 1968a). The hypothesis s ta te s  th a t  " i f  a  developmental p rocess be 
r e s t r i c te d  by an agency a t  th e  tim e o f  i t s  f a s t e s t  r a te ,  n o t on ly  w i l l  th i s  
delay  th e  p ro cess , b u t i t  w i l l  a lso  r e s t r i c t  i t s  u ltim a te  e x te n t, even when 
th e  r e s t r i c t in g  in flu en ce  i s  removed and th e  f u l l e s t  p o ss ib le  r e h a b i l i t a t io n  
obtained','. I t  a lso  s ta te s  th a t  th e  n ea re r th e  r e s t r i c t io n  i s  ap p lied  to  
th e  tim e o f  f a s t e s t  growth, th e  le s s  should be th e  s e v e r i ty  o f  th e  r e s t r i c t io n  
req u ired  to  produce a g iven u ltim a te  d e fic ien cy . L a te r in  development a 
much g re a te r  r e s t r i c t io n  w il l  be necessary  and fo r  a much lo n g er tim e to  
produce the  same e f f e c t ,  and such e f fe c ts  should no t be ob ta in ed  in  th e  
a d u lt .
Due to  th e  g re a t  h e te ro g en e ity  o f  th e  s t r u c tu r a l  elem ents o f  th e  b ra in  
and th e  d i f f e r e n t  r a t e  o f  growth w ith  a d i f f e r e n t  tim ing o f  growth sp u rt o f
each o f  th ese  s tru c tu re s ,  th e  hypothesis can be extended to  say th a t  the  
part- o f  th e  t i s s u e  th a t  grows a t  th e  f a s te s t  r a te  w il l  show th e  g r e a te s t  
e f fe c ts  o f  th e  growth r e s t r i c t io n s .
The wide occurrence o f  in f a n t i le  u n d e rn u tritio n  and th e  growing 
susp ic ion  th a t  th e  in te l le c tu a l  c a p a b i l i t ie s  o f  m alnourished c h ild re n  a re  
perm anently a ffe c te d  has prompted many s tu d ie s  on th e  e f fe c ts  o f  u n d e m u tr it io n  
on b ra in  growth. The follow ing b r ie f  review w il l  be concerned w ith  th e  
r e s u l ts  o f  some experim ents on lab o ra to ry  animals th a t  i l l u s t r a t e  th e  
hypothesis o f  b ra in  v u ln e ra b il i ty .  The phase o f  organogenesis w i l l  be 
om itted from th e  p re sen t d iscu ss io n s .
(b) U n d em u tritio n , and body w eight and b ra in  weight
Widdowson and McCance (1960) f i r s t  showed th a t  th e  body w eights and 
b ra in  w eights o f  pups rea red  in  la rg e  l i t t e r s  were le s s  than  th o se  o f  pups 
reared  in  sm all l i t t e r s ,  and th a t  th e  opportun ity  fo r  n u t r i t io n a l  
r e h a b i l i ta t io n  a f t e r  weaning d id  no t c o rre c t th e  d e f ic ie n c ie s . L a te r 
s tu d ie s  on r a t s  (Dobbing, 1968b) confirmed th is  i r r e v e r s i b i l i t y  o f  th e  
e f fe c ts  o f  u n d e m u tr itio n  imposed a t  an e a r ly  s tag e  o f  growth. Even 
in  th e  group o f  r a t s  fed  adequately  during suck ling  p e rio d  and then  
undernourished fo r  8 weeks, ’catch-up* was n o t complete a f t e r  18 weeks o f  
r e h a b i l i ta t io n  (Dobbing, 1968b). E a r l ie r  s tu d ie s  (Jackson and Steward, 1920; 
Dobbing and Widdowson, 1965; Dickerson and Walmsley, 1967), however, showed 
th a t  f u l l  recovery  was p o ss ib le  in  body w eight as w ell as b ra in  w eight in  
th e  r a t s  undernourished a f t e r  weaning. This d iscrepancy may p o s s ib ly  be 
due to  th e  f a c t  (Dobbing, 1968a) th a t  th e  weight g a in  in  c o n tro l r a t s  i s  
h igh ly  v a r ia b le  from experiment to  experim ent, and i t  i s  th e re fo re  n ecessary  
to  promote optim al growth in  th e  co n tro l r a t s  when comparing th e  w eight g a in  
in  th e  r e h a b i l i ta te d  r a t s .  I t  seems a t  th i s  p o in t th a t  a lthough  th e  tim ing 
o f th e  u n d e m u tr itio n  i s  an im portant f a c to r  in  decid ing  w hether o r  n o t
'catch-up* is  p o s s ib le , th e  s e v e r i ty  and the  du ra tio n  o f  u n d e m u tr it io n  a re  . 
o th e r fa c to rs  th a t  can sometimes overbalance th e  fa c to r  o f  tim ing . Thus, a 
l a t e r  bu t more severe  u n d e m u tr it io n  fo r  a longer period  o f time produces 
e f fe c ts  th a t  a re  comparable to  o r even g re a te r  than the  e f fe c ts  caused by a 
m ilder r e s t r i c t io n  during an e a r l i e r  period , (Dickerson and Hughes, 1972; 
Dickerson and McAnulty, 1972) and some o f  th e  e f fe c ts  were n o t rev ersed  by 
r e h a b i l i ta t io n .  O ther experim ents w ith  p igs (Dickerson e t  a l , 1967) and 
dogs ( P la t t ,  1962) have a lso  dem onstrated th e  permanent e f fe c ts  on th e  
growth, o f  th e  body and th e  b ra in  o f  e a r ly  m a ln u tritio n .
(c) Body w eigh t-b ra iri w eight re la t io n s h ip s
U n d em u tritio n  a f fe c ts  th e  body weight more than  th e  b ra in  w eigh t, so 
th a t  th e re  i s  a r e la t iv e  sparing  o f  th e  b ra in , and the  undernourished anim als 
have a h igher b ra in  w eight:body w eight r a t io  w ith  re sp ec t to  age than  do 
th e  co n tro ls  (Dobbing and Widdowson, 1965). However, when th i s  r a t io  i s  
p lo tte d  a g a in s t body w eight, no d iffe re n c e  i s  obtained between th e  two 
groups, in d ic a tin g  th a t  experim ental u n d e m u tritio n  a l t e r s  very  l i t t l e  th e  
b ra in  weight-body w eight r e la t io n s h ip  (Donaldson, 1909; Dobbing, 1968a).
This r e la t io n s h ip  seems only to  ho ld  fo r  the  r a t  w ith  a m ilder degree o f  
u n d e rn u tritio n . Indeed in th e  r a t  and p ig , when th e  se v e r ity  o f  u n d e m u tr i t io n  
i s  increased  so much th a t  th e  in c rease  in  body weight i s  alm ost p reven ted  
(Dickerson e t  a l , 1967; D ickerson and McAnulty, 1972), th e  r e la t io n s h ip  i s  
a l te re d , and th e  undernourished anim als have h igher b ra in  w eight: body w eight 
r a t io  compared to  th e  c o n tro ls  w ith  re sp ec t to  both  age and body w eigh t. The 
re la tio n s h ip  i s  a lso  a l te re d  by a growth r e s t r i c t io n  a t  a tim e when th e  
abso lu te  ga in  in  b ra in  w eight i s  com paratively la rg e r  in  r e la t io n  to  body 
w eight gain  a s , fo r  example, during  th e  l a s t  tr im e s te r  o f  human pregnancy. 
Thus th e  ' s m a ll- fo r -d a te s ' bab ies whose b i r th  weight i s  le s s  th an  normal 
fo r  th e i r  g e s ta tio n a l  age have a b ra in  weight:body weight r a t io  h ig h e r  th an
expected fo r  body w eight when compared to  prem aturely bom  fo e tu ses  
(Gruenwald, 1963; Dobbing, 1968a).
In  a l l  th e  experim ental s tu d ie s  so f a r  rep o rted , th e  com position o f  
the  b ra in  o f  th e  m alnourished anim als w ith  re sp ec t to  c h o le s te ro l in  
p a r t ic u la r  was n ea re r to  th a t  o f  th e  co n tro l animals o f th e  same age r a th e r  
than  o f  th e  same body w eight (Dobbing, 1964, 1968b; Dickerson e t  a l ,  1967; 
Dickerson and McAnulty, 1972) .
(d) M aln u tritio n  and c e l lu la r  growth o f  th e  b ra in
In  r a t s  bom  o f  m others, fed  a  low -p ro te in  d ie t  (Zamenhof e t  a l , 1968; 
Dickerson and McAnulty, 1972) o r  a lo w -ca lo rie  d ie t  (Zamenhof e t  a l ,  1971) 
o r given a r e s t r i c te d  amount o f  a  normal d ie t  (Dickerson and J a r v is ,  1970; 
Dickerson and Hughes, 1972; D ickerson and McAnulty, 1972), o r  in  r a t s  
suckled by an undernourished o r p ro te in  dep le ted  mother o r r a t s  re a re d  in  
la rg e  l i t t e r s  (Dobbing, 1964; Winick and Noble, 1966b,1967; D ickerson and 
McAnulty, 1972), th e  b ra in  had s ig n if ic a n t ly  lower to t a l  amount o f  DNA, 
and th e re fo re  fewer c e l l s ,  compared to  th a t  in  th e  c o n tro ls , and th i s  
red u c tio n  in  c e l l  number p e r s is te d  in  l a t e r  l i f e  a f t e r  r e h a b i l i t a t io n .  
S im ilar r e s u l ts  were ob ta ined  w ith  th e  p ig  (Dickerson e t  a l ,  1967). On 
the  o th e r hand, r a t s  undernourished a f t e r  21 days o f  age (Dobbing and 
Widdowson, 1965; Winick and Noble, 1966b;Dickerson and Walmsley, 1967) had 
low b ra in  w eights b u t th e  t o t a l  amount o f  DNA in  th e  b ra in  was n o t reduced. 
On r e h a b i l i ta t io n ,  th e  w eight, and l ip id  com position o f  th e  b ra in  o f  th e se  
r a t s  re tu rn ed  to  normal. These r e s u l t s  in d ic a te  th a t  a growth r e s t r i c t i o n  
during th e  p r o l i f e r a t iv e  phase o f  growth o f  a t i s s u e  r e ta rd s  th e  r a t e  o f  
c e l l  m u ltip lic a tio n  and th e  u ltim a te  number o f  c e l l s  in  th a t  t i s s u e .  This 
change i s  no t l ik e ly  to  be reversed  once th e  normal time o f  c e l l  d iv is io n  
i s  passed. On th e  o th e r  hand, s im ila r  r e s t r i c t io n  imposed during  th e  
hypertrophic phase c u r ta i l s  th e  s iz e  o f  th e  e x is tin g  c e l l s ,  bu t on
r e h a b i l i ta t io n ,  th e  c e l l s  a re  l ik e ly  to  reg a in  th e i r  normal s iz e .
Rats ovem ourished during th e  suckling  perio d  (reared  in  l i t t e r s  o f  3 
only) had an increased  number o f  b ra in  c e l l s  compared w ith  anim als nursed 
in  norm al-size  l i t t e r s  (Winick e t  a l ,  1968). Thus the r a te  o f  c e l l  
m u ltip lic a tio n  can be m anipulated in  e i th e r  d ire c tio n  by changing th e  s ta t e  
o f  n u t r i t io n  during the  h y p e rp la s tic  phase o f  growth, and th e re fo re , th e  
c e l lu la r  p r o l i f e r a t io n  i s  only  under p a r t i a l  g e n e tic  c o n tro l.
S p ec if ic  reg ions o f  th e  b ra in  a re  p r e f e r e n t ia l ly  a f fe c te d  by u n d e m u tr it io n , 
depending on th e  s ta te  o f c e l lu la r  growth o f  each reg ion . Thus in  r a t s ,  
undernourished during th e  f i r s t  3 weeks o f  l i f e  (F ish  and Winick, 1969) th e  
cerebellum  in  which th e  c e l l  m u lt ip lic a tio n  r a te  i s  most ra p id  was a f fe c te d  
e a r l i e r  (8  days o f  age) and more sev e rly  than  th e  fo reb ra in  and th e  b ra in  
stem (14 days o f  age) where c e l l  m u lt ip l ic a tio n  proceeds a t  a slow er r a t e .
When mothers were given a 71 p ro te in  d ie t  during g e s ta tio n  and la c ta t io n ,  
th e  DNA. con ten t o f  th e  cerebellum  o f th e  o ffsp rin g  (a t 21 days o f  age) was 
701 lower, whereas the  d iffe re n c e  in  th e  fo re b ra in  was only  201 (M erat, 1971). 
The DNA con ten t o f  the  hippocampus was a lso  a ffe c te d  by u n d e m u tr i t io n , bu t 
s in ce  th e  in c rease  in  i t s  DNA co n ten t norm ally occurs due to  a m ig ra tio n  o f  
c e l l s  from beneath  th e  l a t e r a l  v e n tr ic le ,  i t  i s  probable th a t  u n d e m u tr i t io n  
had a ffe c te d  both  th e  r a te  o f  m ig ra tio n  and th e  p r o l i f e r a t io n  o f  c e l l s  a t  
th e  source. The h is to lo g ic a l  observations o f  Bass e t  a l  (1970) su g g est th a t  
th e  r a te  o f  m ig ra tion  was a f fe c te d . On th e  o th e r  hand, au to rad io g rap h ic  s tu d ie s  
in d ic a te d  an im paired DNA sy n th es is  in  th e  a rea  under th e  l a t e r a l  v e n t r ic le  
(Winick, 1970a).
Severe u n d e m u tritio n  o f  p igs fo r  1 y ear from 2 weeks o f  age (D ickerson 
e t  a l ,  1967) had a sm aller e f f e c t  on c e l l  m u ltip lic a tio n  in  th e  ra p id ly  
growing cerebellum  than  in  th e  more slow ly developing fo re b ra in . This was 
presumably due to  th e  f a c t  th a t  by 2 weeks o f  age most o f  th e  c e r e b e l la r
growth had a lready  been accomplished in  th e  p ig  b ra in . Had th e  under­
n u tr i t io n  been imposed e a r l i e r ,  i t  i s  reasonable to  sp ecu la te  th a t  th e  
cerebellum  would have been a f fe c te d  more than  th e  fo reb ra in  (Dickerson 
1968b).
Thus a t  any given tim e during e a r ly  m a ln u tr it io n , one reg ion  may be 
undergoing i r r e v e r s ib le  changes w hile ano ther may be experiencing changes 
th a t  can be reversed  i f  n u t r i t io n a l  r e h a b i l i ta t io n  is  undertaken.
Since d i f f e r e n t  types o f c e l l s  m u ltip ly  a t  d i f f e r e n t  tim es, under­
n u tr i t io n  might be expected to  a f f e c t  th e se  c e l l s  d i f f e r e n t ly ,  depending 
on th e  tim ing o f  th e  u n d e m u tr itio n . H is to lo g ic a l observations (Eayrs 
and Horn, 1955) have shown th a t  underfeeding r a t s  during th e  f i r s t  3 weeks 
o f l i f e  by r e s t r i c t in g  th e  feeding tim e im paired th e  e la b o ra tio n  o f  
neuronal p ro cesses. In  r a t s  undernourished p o s tn a ta l ly  by re a rin g  them in  
a la rg e  l i t t e r  and r e s t r i c t in g  th e i r  feeding  tim e, Bass e t  a l  (1970) 
found h is to lo g ic a l ly  th a t  th e  th ick n ess  o f  th e  co rtex  o f  th e  somatosensory 
area  was reduced by 251. These au thors c o r re la te d  th is  reduced th ick n ess  
with, an a r re s te d  d e n d r itic  p ro l i f e r a t io n .  Fishman e t  a l  (1969) observed 
a decreased r a te  o f  o ligodendrocyte m u ltip lic a tio n  in  p o s tn a ta l ly  under­
nourished r a t s .  A utoradiographic s tu d ie s  Qtfinick, 1970a) in d ic a te d  th a t  
in  neonata l r a t s  undernourished fo r  th e  f i r s t  10 days o f  l i f e ,  only  th e  
r a te  o f  g l i a l  c e l l  m u lt ip lic a tio n  was re ta rd e d  in  th e  fo re b ra in . In  th e  
cerebellum , th e  r a t e  o f  m u ltip lic a tio n  o f  ex te rn a l g ran u la r c e l l s ,  in te rn a l  
g ranu lar c e l l s ,  and th e  m olecular c e l ls  was a lso  reduced (Winick, 1970a). 
Dobbing e t  a l  (1971) dem onstrated th a t  a com paratively m ild  u n d e m u tr i t io n  
during th e  p e rio d  o f  b ra in  growth sp u rt in  th e  developing r a t s  r e s u lte d  
in  a s e le c t iv e  permanent red u c tio n  o f  c e l l  number in  cerebellum .
Q u an tita tiv e  h is to lo g y  showed d e f ic i t s  in  th e  c e l l s  o f  th e  g ran u la r  la y e r  
o f  th e  cerebellum , as w ell as c e r ta in  c e re b ra l c o r t ic a l  neurones. R ecently ,
h is to lo g ic a l  s tu d ie s  by Stew art e t  a l  (1974) showed no evidence o f 
degenerative changes in  th e  nerve c e l l s  o r  nerve f ib re s  in  th e  b ra in s  
from th e  15 and 21-day-old o ffsp rin g  o f r a t s  given a 1% c a se in  d ie t  
from th e  5 th  day o f  g e s ta tio n  and on through la c ta t io n .  However, some 
m od ifica tions in  s tru c tu re  were seen in  every area  examined. The c e l l s  
g en e ra lly  con ta ined  le s s  cytoplasm , and th e  m yelin sheaths were th in n e r .
The c e l l  d e n s ity  was g re a te r  and th e  d e n d r itic  development was reduced.
The b asa l g a n g lia , hypothalamic n u c le i,  th e  cerebellum , and th e  n u c le i 
having c lo se  l in k s  w ith  the  cerebellum  were most a f fe c te d .
The g l i a l  c e l l s  a re  more v u ln erab le  than  th e  neurones, s in c e  most 
o f  th e  m u lt ip l ic a tio n  o f  th e  l a t t e r  takes p lace  in  th e  more p ro te c te d  
environment o f  th e  m aternal u te ru s  whereas th a t  o f  th e  form er i s  m ostly  
p o s tn a ta l and th e r fo re  more su b jec tiv e  to  environmental m an ipu la tions.
Since one type o f  th e  g l i a l  c e l l s ,  th e  o lig o d en d ro g lia , i s  re sp o n s ib le  
fo r  th e  form ation o f  th e  m yelin shea th , i t  i s  expected th a t  m a ln u tr it io n  
in  e a r ly  l i f e  would a f f e c t  th e  process o f  m yelination .
(e) M a ln u tritio n  arid m yelination
Q u a n tita tiv e ly , m yelination  c o n s ti tu te s  a m ajor p ro p o rtio n  o f  b ra in  
growth. M yelination  follow s immediately a f t e r  th e  p r o l i f e r a t io n  o f  th e . 
o lig o d en d ro g lia !  c e l l s  (Bensted e t  a l ,  1957). Both th ese  p ro cesses  occur 
a t  an e a r ly  s ta g e  o f  development and a re  th e re fo re  v u ln e rab le  to  m a ln u tr it io n  
(Davison and Dobbing, 1966). Davison and Dobbing (1966) suggested  th a t  th i s  
v u ln e ra b il i ty  occurs no t because th e  m yelin laminae completed during  an 
e a rly  s tag e  o f  m yelination  a re  m e tab o lica lly  more la b i l e  th an  th o se  in  th e  
a d u lt shea th , bu t because th e  a v a i la b i l i ty  o f  m yelin c o n s ti tu e n ts  o r  th e i r  
r a te  o f  in co rp o ra tio n  in to  myelin sheath  may be r e s t r i c te d .
M aln u tritio n  in  r a t s  up to  21 days o f  age whether due to  d i r e c t  food 
d ep riv a tio n  p o s t-n a ta l ly  (Dobbing, 1964, 1968b), o r  in d i r e c t  d e p r iv a tio n
p re n a ta lly  and p o s tn a ta lly  by undernourishing th e  mother (Dickerson and 
J a rv is ,  1970; D ickerson and Hughes, 1972) o r g iv ing  h e r a low -p ro te in  d ie t  
(Dickerson and McAnulty, 1972) re su lte d  in  a red u c tio n  o f  c h o le s te ro l 
d ep o sitio n  in  th e  b ra in , bo th  in  terms o f  co n cen tra tio n  and to ta l  amount. 
M aln u tritio n  a f e r  24 days o f  age (Dobbing and Widdowson, 1965; D ickerson 
and Walmsley, 1967), on th e  o th e r hand, d id  no t a f f e c t  th i s  d e p o s itio n .
The co n cen tra tio n  o f  c h o le s te ro l was even s l ig h t ly  h igher th an  in  th e  
b ra in s  o f  th e  c o n tro l r a t s .  These r e s u l ts  can be in te rp re te d  as an in d ire c t  
evidence th a t  m a ln u tr it io n  during the  phase o f  a c tiv e  m yelination  r e ta rd s  
th e  p rocess o f  m yelin a tio n . The h igher con cen tra tio n  o f  c h o le s te ro l in  
th e  b ra in s  o f  th e  r a t s  undernourished a t  a l a t e r  s tag e  o f  m yelina tion  may 
be due to  a  sparing  (Davison and Dobbing, 1966) o f  more m e tab o lic a lly  s ta b le  
c h o le s te ro l (Davison e t  a l ,  1959a)at th e  expense o f  more l a b i l e  c o n s ti tu e n ts .  
However, l a t e r  s tu d ie s  (Dickerson and Hughes, 1972; D ickerson and McAnulty, 
1972) showed th a t  i f  th e  s e v e r ity  o f th e  u n d e m u tr itio n  during post-w eaning 
l i f e  was in c reased , th e re  remained as w ith  th e  b ra in  w eigh t, a p e r s is te n t  
d e f i c i t  o f  c h o le s te ro l .
More d i r e c t  evidence fo r  th e  re ta rd in g  e f f e c t  o f  u n d e m u tr i t io n  on 
m yelination  came from th e  s tu d ie s  o f  Benton e t  a l  (1966) who found th a t ,  
in  r a t s  undem ourised  up to  21 days a f t e r  b i r t h ,  th e  q u a n tity  o f  t o t a l  
l i p id ,  phospholip id  and c h o le s te ro l was reduced to  th e  same ex ten t as th e  
b ra in  w eight b u t th e  q u a n tity  o f  more s p e c if ic  m yelin l ip id s ,  ce reb ro sid es  
and p ro te o lip id s  (C ulley and M ertz, 1965; Norton and A u ti l io ,  1966) was 
reduced to  a g re a te r  ex ten t than th e ,b ra in  w eight. Culley a l  (1966) 
a lso  observed a d im inution o f plasm alogens, another m y e lin -sp ec if ic  
c o n s titu e n t (W ebster, 1960; Norton and A u ti l io ,  1966) , in  undernourished 
r a t s ,  more than  th e  o th e r  phospholip ids. S u lphatides a re  a lso  s p e c if ic  
myelin l ip id s  (Davison and Gregson, 1962) and s tu d ie s  o f  th e  a c t iv i ty  o f  
g a lac to ce reb ro s id e  su lphokinase, the  enzyme resp o n sib le  fo r  su lp h a tid e
sy n th e s is , have shown th a t  u n d e m u tritio n  in  e a r ly  p o s tn a ta l l i f e  markedly 
reduced the r a te  o f  su lp h a tid e  sy n th es is  (Chase e t  a l , 1967). H is to lo g ic a l 
s tu d ie s  showed a red u c tio n  in  th e  amount o f m yelin (Benton e t  a l , 1966; 
Fishman e t  a l ,  1969) and in  the  th ickness o f  the  w alls  o f  the  m yelin sheath  
(Stewart e t  a l ,  1974) in  n u tr i t io n a l ly  deprived anim als. Moreover, under­
n u t r i t io n  in  the  r a t  befo re  and a f t e r  b i r th  re s u lte d  in  a red u c tio n  in  the  
g ang lio sides o f th e  b ra in  (Merat and D ickerson, 1974). This red u c tio n  in  
g ang lio sides was in te rp re te d  as in d ic a tiv e  o f  a red u c tio n  in  d e n d r itic  
a rb o riz a tio n . In  o th e r  experim ents in  which p ig s  were sev e re ly  under­
nourished fo r  1 y ea r from the  age o f  2 weeks (Dickerson and Dobbing, 1967a), 
i t  was shown th a t  th e re  was a d isp ro p o rtio n a te ly  la rg e  d e f i c i t  o f  b ra in  
c h o le s te ro l,  cereb rosides and s e rin e  + in o s i to l  phosphoglycerides. On 
r e h a b i l i ta t io n  fo r  th e  nex t two y e a rs , the  d e f i c i t  o f  c h o le s te ro l and 
cerebrosides s t i l l  p e r s is te d . These r e s u l ts  show th a t  in  p ig s ,  j u s t  as in  
r a t s ,  e a r ly  m a ln u tr itio n  re ta rd s  the r a te  o f m yelina tion , and th a t  some o f  
the e f fe c ts  seem to  be permanent. However, the p ig s  were undem ourisheed 
much more sev ere ly  than  the  r a t s  in  o rder to  achieve th i s  permanent e f f e c t  
and th i s  c o r re la te s  w ith  th e  e a r l i e r  growth sp u rt o f  th e  b ra in  in  th i s  
species compared w ith  the  r a t .
There i s  no in d ic a tio n  frcsn th e  s tu d ie s  described  above w hether e a r ly  
m a ln u tritio n  induces q u a n ti ta t iv e  o r q u a l i ta t iv e  changes in  th e  chem ical 
composition o f  m yelin. E sse n tia l f a t ty  ac id  (EFA) d e fic ien cy  in  th e  
nursing  mother o r the  weanling pups r e s u l ts  in  a number o f  changes in  
the com position o f  b ra in  l ip id s  which are  re f le c te d  in  changes in  th e
concen tra tions o f  th e  c o n s titu e n t f a t ty  ac ids (G a lli e t  a l ,  1970; 1971).
C C CF atty  acids 16:1 and 20:3 increased  w hile arach idon ic  a c id  ( 20:4)
s p e c if ic a l ly  decreased , and th e re  was a general tre n d  towards
increased  s a tu ra t io n . A ilin g  e t  a l  (1974) fed  a low EFA d ie t  to  r a t s
fo r  two g en era tio n s . In  the  th i rd  g en era tio n  r a t s  they  observed a lower
ac c re tio n  o f  f a t ty  ac id s o f  th e  l in o le n ic  a c id  s e r ie s  in  c e re b ra l
ethanolamine phosphoglycerides. These changes in  the f a t ty  ac id  com position 
may in d ic a te  a change in  th e  q u a li ty  o f  m yelin, and some o f  them were 
re v e rs ib le  on re s to ra t io n  o f  a normal d ie t  (G a lli, 1973).
(f) B rain development in  m alnourished Children
The growth sp u rt o f  th e  human b ra in  begins a t  about m id -g es ta tio n  
and reaches a p la te a u  3-4 years a f t e r  b i r th  (Dobbing and Sands, 1973).
I f  th e  v u ln e rab le -p e rio d  hypothesis (Davison and Dobbing, 1966; Dobbing, 
1968a) i s  v a l id  fo r  the  human, then  th e  b ra in , on th e  one hand, i s  a t  
h igh  r i s k  from m aternal n a ln u tr i t io n  during th e  f i r s t  months o f  l i f e ,  
bu t on th e  o th e r , i s  in  a favourable p o s itio n  fo r  r e h a b i l i ta t io n  in  th a t  
th e re  may s t i l l  be time l e f t  a f t e r  e a r ly  r e s t r i c t io n  fo r  th e  co n d itio n  
to  be reversed  in  a favourable environment. Only a l im ite d  amount o f  
inform ation  i s  a t  p resen t a v a ila b le  about the  c e l lu la r  development o f  
th e  b ra in  o f c h ild re n  who d ied  o f  acu te  o r  chronic m a ln u tritio n  during 
th e  f i r s t  two years  o f  l i f e  (Winick and Rosso, 1969; Rosso e t  a l ,  1970; 
Winick e t  a l ,  1970). In  marasmic ch ild re n  who d ied  befo re  1 y ear o f  age, 
th e  b ra in  w eight, t o t a l  DNA., RNA., p ro te in , c h o le s te ro l and phospholip ids 
were p ro p o rtio n a te ly  reduced so th a t  th ese  b ra in s  contained fewer c e l l s ,  
bu t th e  c e l l s  were o therw ise normal in  th e i r  s iz e  and l i p id  c o n te n t. On 
th e  o th e r hand, in  th e  b ra in s  o f  th e  m alnourished ch ild re n  over 1 y ea r 
o f  age, n o t on ly  the  t o t a l  number o f  c e l l s  bu t a lso  th e i r  s iz e  were reduced. 
The l ip id  con ten t p er c e l l  was a lso  reduced. I t  was a lso  shown (D ickerson, 
Merat and Waterlow, unpublished work) th a t  th e  b ra in s  o f  th e  m alnourished 
ch ild re n  con tained  too l i t t l e  gan g lio sid es fo r  th e i r  w eight.
T hus,in  man m a ln u tritio n  appears to  a f fe c t  th e  development o f  th e  
b ra in  in  a way s im ila r  to  th a t  observed in  th e  r a t  and th e  p ig . The 
lower c e l l  s iz e  and l ip id  con ten t p e r c e l l  in  th e  b ra in s  o f th e  m alnourished 
c h ild re n  over 1 year o f  age may be asso c ia ted  w ith  a red u c tio n  in  th e  number
o r len g th  o f  neuronal processes such as axons o r  d e n d rite s , so th a t  
m yelination  i s  p ro p o rtio n a lly  reduced^ .
M aln u tritio n  in  th e  human reduced th e  r a te  o f  c e l l  m u ltip lic a tio n  
in  a l l  th re e  a reas  o f  th e  b ra in  -  th e  fo re b ra in , cerebellum  and b ra in  
stem (Winick e t  a l ,  1970), and too few samples were a v a ila b le  to  
dem onstrate a p r e fe r e n t ia l  e f f e c t  o f  m a ln u tr it io n  on th e  cerebellum .
This i s  a f i e ld  fo r  fu r th e r  ex p lo ra tio n . Moreover, no in form ation  i s  
a v a ila b le  on th e  com position o f  th e  b ra in  o f  r e h a b i l i ta te d  human su b je c ts  
who survived  m a ln u tr itio n  in  e a r ly  l i f e .  Although no d i r e c t  r e la t io n s h ip  
has y e t been dem onstrated between th e  p h y s ica l development o f  th e  b ra in  
and th e  subsequent development o f  h ig h er m ental a c t iv i ty ,  human f i e ld  
s tu d ie s  suggest a c o r re la t io n  o f  in f a n t i l e  u n d e rn u tr itio n  w ith  dim inished 
a d u lt s ta tu r e ,  b ra in  s iz e  and in te l l e c tu a l  cap ac ity  (Dobbing, 1968a).
Winick e t  a l  (1975) in  a re c en t s tudy  o f  141 Korean g i r l s  aged from 7 to  
16 y ea rs , who were m alnourished during th e  f i r s t  year o f  l i f e ,  b u t l a t e r  
adopted by American fa m ilie s  and thus r e h a b i l i ta te d ,  showed th a t  th e  
p rev io u sly  m alnourished c h ild re n  a t ta in e d  normal w eight a lthough they  were 
s l ig h t ly  sm aller in  h e ig h t. T heir I .Q . and school achievement le v e l  were 
comparable to  those o f  w ell-nou rished  c h ild re n  in  an in d u s tr ia l iz e d  n a tio n .
In  an e a r l i e r  study (Yatkin& McLaren,1970)itwas shown th a t  m alnourished 
ch ild ren  between 2\ and 19 months improved in  m ental perform ances c o n s is te n t ly  
and s ig n if ic a n t ly  during  th e  4 months o f  n u t r i t io n a l  r e h a b i l i ta t io n ,  b u t 
a s ig n if ic a n t ly  b e t te r  performance was observed in  those  who rece iv ed  
e x tra  s tim u li from environm ental re in fo rcem en t. The same kind  o f  r e s u l t  
has been obtained  in  a study on weanling r a t s  rea red  on a lo w -p ro te in  d ie t  
(B e ll, 1975) in  which i t  was found th a t  in c reas in g  s o c ia l co n tac t between 
th e  anim als a tte n u a ted  th e  e f fe c ts  o f  th e  d i e t .  These o b se rv a tio n s  amply 
dem onstrate th e  complex re la t io n s h ip  and in te ra c t io n  between n u t r i t io n  and
o th er environm ental fa c to rs  in  th e  development o f  th e  c e n tra l  nervous 
system. *•
C. Purpose o f  th e  p re se n t s tu d ie s
R eports o f  normal growth and development o f  th e  human b ra in  a re  
few and fragm entary . The obvious d i f f i c u l ty  in  o b ta in in g  s u i ta b le  b ra in  
samples over a s a t is f a c to ry  range o f  age i s  p o ss ib ly  th e  p r in ic ip a l  cause 
o f  th i s  p a u c ity  o f  in form ation . With th e  exception  o f  th e  s tudy  o f  Dobbing 
and Sands (1973), no t only  has the  number o f  b ra in s  s tu d ie d  by d i f f e r e n t  
in v e s tig a to rs  been com paratively few and over a  narrow age range, bu t fo r  
th e  most p a r t  th e  s tu d ie s  have been lim ite d  to  a few c o n s ti tu e n ts  o f  th e  
whole b ra in  o r  grey  and w hite m atte r o f  th e  fo re b ra in . There have been 
even fewer s tu d ie s  o f  b ra in  com position in  m alnourished c h ild re n .
The p re se n t s tu d ie s  were designed to  c o n tr ib u te  to  th e  knowledge 
o f  human b ra in  development and th e  e f fe c ts  o f  m a ln u tr it io n  in  e a r ly  l i f e  
upon t h i s  p ro ce ss . The in v e s tig a tio n s  were c a r r ie d  ou t on b ra in s  o f  25 
fo e tu se s , 3 newborn bab ies and 10 w ell-nou rished  and 10 m alnourished 
c h ild re n . The youngest fo e tu s  was ob ta ined  a t  13 weeks o f g e s ta tio n  and 
the  o ld e s t  c h i ld  was aged 26 months.
A p rev io u s fin d in g  th a t  m a ln u tr itio n  in  th e  human (M erat, 1971) has a s p e c if ic  
e f f e c t  on th e  a c c re tio n  o f  G ^ a g an g lio sid e  in  th e  b ra in  has been pursued 
in  th e  r a t .  The d is t r ib u t io n  o f  la b e l le d  glucosamine in  th e  s u b c e llu la r  
f ra c t io n s  o f  th e  b ra in s  o f  undernourished r a t s  has been s tu d ie d .
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CHAPTER 2 
MATERIALS AND METHDDS
A. STUDIES ON HUMAN BRAIN
(a) Brain m a te ria l
The p re se n t study was c a r r ie d  ou t on b ra in s  ob ta ined  from human 
fo e tu ses , s t i l lb o r n  b ab ie s , and ch ild re n  up to  26 months o f age. The 
fo e ta l  b ra in s  were ob ta ined  from Newcastle h o sp ita ls  through the  
c o llab o ra tio n  o f  Dr. E. Hey. The foe tuses were d e liv e red  a t  h y s te r ­
otomy from nozmal w ell-nourished  mothers w ith  no n eu ro lo g ica l symptoms. 
Brains from 25 such fo e tu ses  o f  varying ages were a v a ila b le . The age 
o f the fo e tu se s , a s c e rta in e d  from the  m others' m enstrual h is to ry  and 
checked a g a in s t the expected weight o f  the fo e tu s , ranged from 13 
weeks' g e s ta tio n  to  te rn .  The b ra in  o f  one foe tus e x h ib itin g  symptoms 
o f severe in tr a -u te r in e  growth re ta rd a tio n  (IUGR) was a lso  in v e s tig a te d . 
C lin ic a l d e ta i ls  o f the  foe tuses and the  new-born bab ies a re  g iven in  
Table 1,
The p o s tn a ta l m a te r ia l was ob tained  from 20 Jamaican c h ild re n  by 
P ro fesso r J .C . Waterlow. Ten o f the  ch ild ren  d ied  from c l in ic a l ly  
diagnosed m a ln u tritio n  (kwashiorkor, marasmus o r  bo th , w ith  vary ing  
degrees) and were grouped as 'm alnourished*. The o th e r  10, ap p aren tly  
noimal and h ea lth y  c h ild re n , d ied  o f acute d ise a se s , n o t known to  be 
d ire c t ly  r e la te d  to  the  c e n tra l  nervous system, such as g a s t r o e n t r i t i s ,  
pneumonia. C lin ic a l d e ta i ls  r e la t in g  to  these  ch ild re n  a re  g iven  in  
Tables 2 and 3.
The cadavers were kep t in  a r e f r ig e r a to r  and th e  b ra in s  removed 
as soon as p o ss ib le  a f t e r  death . A ll b ra in s  were removed by sev erin g  
the cord a t  the le v e l o f  the foramen magnum. The b ra in s  were d is s e c te d  
in to  fo re b ra in , cerebellum  and b ra in  stem according to  D ickerson and 
Dobbing (1967a). The cerebellum  was is o la te d  by c u ttin g  the  c e r e b e l la r  
peduncles. The b ra in  stem was sep ara ted  from the  fo re b ra in  by a
tra n sv e rse  cu t a n te r io r  to  the  mammillary bod ies. Each p a r t  was 
then weighed. Subsequent m anipulations d if fe re d  in  th e  fo e ta l  and 
p o s tn a ta l m a te r ia ls .  The fo e ta l  m a te r ia l was s to red  in  a deep­
freeze  a t  -50° u n t i l  analysed . The p o s tn a ta l b ra in  t i s s u e  was 
thoroughly homogenized and weighed, samples from each p a r t  f re e z e -  
d rie d  to  co n s tan t w eight and the  w ater con ten t determ ined as th e  
lo ss  in  w eigh t. These samples were a lso  s to re d  in  a deep-freeze 
u n t i l  analysed . The recorded  w ater con ten t was used to  c a lc u la te  
the  co n cen tra tio n  o f c o n s titu e n ts  p e r  u n i t  weight o f  f re sh  t i s s u e .
(b) Methods
(1) D eoxyribonucleic a c id  (DNA)
DNA was e x tra c te d  from the  b ra in  t is s u e  according to  a s l ig h t  
m od ifica tio n  o f th e  s im p lif ie d  procedure o f  Zamenhof e t  a l  (1972) 
which om its th e  l i p id  e x tra c tio n . About O .lg o f  the  t is s u e  was 
homogenized in  a u n iv e rsa l co n ta in e r  fo r  3 min w ith  5 ml o f  ic e -  
co ld  6% p e rc h lo r ic  a c id  (PCA) in  an MSE homogenizer w ith  a micro 
attachm ent. Another 5 ml o f th e  PCA so lu tio n  was used to  r in s e  
the  b lade and th e  homogenizing c o n ta in e r . Both the  homogenate and 
the  wash were combined in  a polycarbonate tube and l e f t  f o r  10  min 
in  an ic e -b a th . The m ixture was then  cen trifu g ed  a t  2° a t  18,000 x 
g fo r  20 min (12,500 r .p .m .)  in  th e  8 x 50 ml ro to r  o f  th e  MSE 
HS18 c e n tr ifu g e . The su pernatan t was d iscarded  and th e  f iim  p e l l e t  
resuspended by homogenization in  6 % PCA and q u a n ti ta t iv e ly  t r a n s f e r r e d  
to  a 15 ml t e s t  tu b e , th e  f in a l  volume o f  the  suspension being  8 m l. 
DNA was e x tra c te d  by h ea tin g  th e  tube f o r  20 min. in  a w ater b a th  
a t  80° follow ed by c e n tr ifu g a tio n  a t  3,000 r.p .m . fo r  20 min. The 
supern a tan t was decanted o f f  in to  a 10  ml. measuring f la s k  and th e
resid u e  re -e x tra c te d  w ith  2 ml o f  61 PCA under the  same co n d itio n s .
The supernatan ts were combined and the  volume made up to  10 ml.
The DNA in  the e x tra c t  was determ ined by th e  diphenylamine 
re a c tio n  o f Burton (1956), w ith  s l ig h t  m o d ifica tio n s .
Diphenylamine reagent: This reag en t was prepared  by d isso lv in g  1.5g
o f r e c ry s ta l l i s e d  diphenylamine (Analar grade; BDH Chemicals L td .)  
in  100 ml o f  g la c ia l  a c e t ic  a c id  and adding 1.5 ml o f  conc. f^SO^
and 0 .1  ml o f  0.16% acetaldehyde so lu tio n . The reagent was f re s h ly
prepared ju s t  befo re  u se .
DNA standard  (200yg/ml): C alf thymus DNA (Sigma Chemical Co.) was
d isso lv ed  in  5mM NaOH, to  g ive a so lu tio n  con ta in ing  0 .4  mg/ml. The 
working s tandard  was prepared  from th is  so lu tio n  by th e  mixing o f
12.5 ml w ith  12.0 ml o f  12% PCA and h ea tin g  fo r  20 min in  a w ater
bath  a t  70°. The volume was then  made to  25 ml w ith  12% PCA s o lu tio n .
Diphenylamine reagen t (4 ml ) was added to  each o f  the  tubes 
contain ing  2 ml, o f  th e  DNA e x tra c t  from the  b ra in  t i s s u e  as w ell as 
tubes con tain ing  0 to  200yg DNA s tan d ard . The tubes were incubated  • 
in  an oven a t  28°-30° fo r  a p e rio d  o f 45 h r  , which proved to  give 
the maximum co lour development. The o p tic a l  d en sity  was read  a t  600nm 
using a Unicam SP500 spectrophotom eter.
(2) P ro te in
T otal p ro te in s  were e x tra c te d  from the  b ra in  t is s u e  by a m o d ifica tio n  
(Lees and Paxman, 1972) o f  the  Lowry method (Lowiy e t  a l ,  1951). A 
sample o f the  b ra in  t i s s u e  (about O .lg) was d isso lv ed  in  5 ml o f  5% 
sodium dodecyl s u lf a te  (SDS) in  0 .5  N NaOH by incubation  a t  room 
tem perature (20°) fo r  3. h r  w ith  freq u en t mixing w ith  a W hirlim ixer
to  ensure complete so lu tio n  o f  the  p ro te in s .  SDS was added fo r  an 
e f fe c tiv e  s o lu b il iz a t io n  o f  the  l ip id - r ic h  t is s u e  m a te r ia l. A t th e  
end o f  the  incubation  p e rio d , the  s o lu tio n  was d ilu te d , 1 to  1 0 , 
w ith  0.5N NaOH, and 0 .5  ml o f  th is  d i lu te d  e x tra c t  was used fo r  
p ro te in  measurement. The follow ing so lu tio n s  were u sed :-
Sodium carbonate -  copper t a r t r a t e  so lu tio n : 100 ml o f  2%
Na^CO^, 1 ml o f 1% CuSO  ^ and 1 ml o f  2% N'aK t a r t r a t e  were mixed
/
j u s t  befo re  u se .
Folin-phenol reagen t: F o lin -C io ca lteu s  phenol reagen t (BDH
Chemicals, England) was d i lu te d  w ith  d i s t i l l e d  w ater to  IN a c id i ty  
-  j u s t  befo re  use.
P ro te in  s tan d ard  (200 yg/m l): Bovine serum albumin (BSA) was
used as th e  s tandard . BSA was f i r s t  d isso lv ed  in  a minimal volume o f  
d i s t i l l e d  w ater and then mixed w ith  5% SDS in  0.5N NaOH to  make a BSA 
co n cen tra tio n  o f 2 mg/ml. This so lu tio n  was d ilu te d  1 to  10 w ith  0 .5  N 
NaOH.'
In to  each tube con ta in ing  0 .5  ml o f  b ra in  e x tra c t  o r  0 to  100 yg BSA 
were p ip e t te d  2.5 ml o f  th e  sodium carbonate-copper t a r t r a t e  s o lu tio n . 
A fte r  10 min , 250yl o f  the  d ilu te d  Folin-phenol reagen t was added w ith  
im nediate mixing. A fte r  co lour development fo r  a t  le a s t  45 min , 
s tandards and samples were read  a t  695nm a g a in s t the  ap p ro p ria te  b lank  
in  a Unicam SP500 spectrophotom eter. The co lour remained s ta b le  f o r  a t  
le a s t  4 h r .
(3) Water
D uplicate samples (about 0 .1  g) o f  the  b ra in  t is s u e  were d r ie d  
a t  105° to  constan t w eight and the  w ater con ten t was c a lc u la te d  from 
the lo ss  in  weight (g) p e r  Kg o f  f re sh  t i s s u e .
(4) Polyamines and pu trescirie : paper e le c tro p h o re s is
The polyamines spermine and sperm idine and th e i r  diamine p re c u rso r
p u tre sc in e , were ex tra c te d  from b ra in  t is s u e  by th e  method o f  
Raina (1963), as m odified by JSnne e t  a l  (1964) .
R epresen ta tive  sample o f  th e  t i s s u e  was homogenized in  0 .1  N HC1 
w ith  a hand Potter-E lvehjem  homogenizer fo r  about 5 min. An 
equal volume o f  101 TCA was added to  the  homogenate and the  
suspension ce n trifu g ed  in  an MSE b en ch -cen trifu g e  a t  5,000 r.p .m . 
fo r  10 min. Hie supern a tan t was removed and the  p e l l e t  suspended 
by homogenization in  3-4 ml o f  5% TCA. The m ixture was cen trifu g ed  
as b e fo re . The combined supernatan t and wash were ex tra c te d  .with 
approxim ately equal volume o f  d ie th y l e th e r  by c a re fu l m ixing.
A fte r  se ttle m e n t, the  upper e th e r  phase was p ip e t te d  ou t and the 
e x tra c tio n  rep ea ted  3 more tim es. At the  end o f  the f in a l  e x tra c tio n , 
the e th e r  la y e r  was removed as c lo se  to  th e  in te r fa c e  as p o s s ib le . 
Anhydrous sodium su lphate  (l-2g ) was then  added to  th e  e th e r -e x tra c te d  
lower phase and the  tube g en tly  shaken in  a warm w ater-b a th  to  d isso lv e  
the  s a l t  and to  remove the tra c e s  o f  e th e r .  A f te r  the  a d d itio n  o f 
0 .3  ml o f  10 N NaOH th e  con ten ts  o f  th e  tube were mixed in  a v o rte x  
m ixer. The polyamines were f in a l ly  e x tra c te d  w ith  6 .5  ml o f  n -bu tano l 
by v igorously  shaking the tube fo r  20 min. in  a m echanical shaker. The 
two phases were sep ara ted  by b r ie f  c e n tr ifu g a tio n  and the  upper bu tan o l 
phase c a re fu lly  p ip e t te d  in to  an evaporating  d ish . A fte r  a c id i f ic a t io n  
w ith  3-4 drops o f conc. HC1, the  e x tr a c t  was allow ed to  evaporate 
o v ern igh t. The sm all, co lo u rle ss  c ry s ta ls  o f  the  polyamines were 
d isso lv ed  in  0 .3  ml d i s t i l l e d  w ater.
Paper e le c tro p h o re s is  and subsequent d eterm ina tion : Spermine, sperm idine 
and p u tre sc in e  were separated  by paper e le c tro p h o re s is  and q u a n tita te d  
c o lo r im e tr ic a lly  a f t e r  s ta in in g  w ith  n inhydrin  (Raina, 1963; Raina and 
Cohen, 1966).
C itr ic  ac id  b u ffe r  (0.1M, pH 4 .3 ): 21.74g c i t r i c  ac id  
and 28.38 g trisodium  c i t r a t e  were d isso lved  in  2 l i t r e s  o f  d i s t i l l e d  
w ater and th e  pH ad ju sted  to  4 .3 . This b u f fe r  was p repared  each day 
befo re  u se .
Ninhydrin so lu tio n : Cadmium a c e ta te  (200 mg) was d isso lv ed  in  20 ml
d i s t i l l e d  w ate r. To th e  so lu tio n  were added 10 ml g la c ia l  a c e t ic  ac id  
and 200 ml acetone. Ninhydrin (2g) was d isso lv ed  in  th e  above so lu tio n  
and the s o lu tio n  kept a t  4° where i t  was s ta b le  f o r  weeks.
E lu tio n  so lu tio n : Cadmium a c e ta te  (2.5 g) was d isso lv ed  in  50 ml
d i s t i l l e d  w a te r, and to  i t  were added 250 ml g la c ia l  a c e tic  ac id  and 
200 ml ab so lu te  eh tan o l. This so lu tio n  was s ta b le  fo r  weeks a t  room
\  'v
tem perature.
Polyamine s tandard : Amounts o f  spermine, sperm idine and p u tre sc in e
were d isso lv ed  to g e th e r in  100 ml d i s t i l l e d  w ater to  make 2 ymoles o f 
each p e r  1 m l. The so lu tio n  was kep t in  a r e f r ig e r a to r  and remained 
s ta b le  fo r  s e v e ra l months.
Spermine and sperm idine were purchased from A ldrich  Chemical Co. ,
Milwaukee, W isconsin, U .S.A ., and pe tru e s  cine from Koch-Light L ab o ra to rie s , 
England. A ll chemicals and reagents were o f a n a ly t ic a l  grade q u a li ty .
F i l t e r  paper shee ts  (Whatman No. 1) were c u t in to  s t r i p s ,  25 cm 
long and 3 cm wide. J u s t  befo re  use th e  s t r ip s  were soaked in  th e  
b u ffe r , b lo t te d  and p laced  on the  e le c tro p h o re tic  tank  b a rs ,  w ith  bo th  
ends dipping in to  the  b u ffe r . The tank was p rev io u sly  f i l l e d  w ith  1 l i t r e  
o f the b u f fe r .  Polyamine e x tra c t  (20yl)was ap p lied  a t  th e  f+.f po le  o f 
the tank . Standard polyamine m ixtures o f 5, 10, 20 and 40 nmoles o f  
each /20y l were a lso  app lied  on sep a ra te  s t r ip s  and run along w ith  the  
samples in  the  same tank . E lec tro p h o resis  was c a r r ie d  ou t a t  200V. The 
paper s t r ip s  were taken ou t o f the tank a f t e r  2 hou rs, bo th  ends b lo t te d  
and the  s t r ip s  d r ie d  a t  105° fo r  a few m inu tes. The s t r ip s  were then
b r ie f ly  soaked in  th e  n inhydrin  so lu tio n  and d rie d  a t  75° fo r  1 h r  
when the  p u ip le  bands con ta in ing  the amines became c le a r  and d i s t in c t .
The bands were c u t in to  t e s t  tubes and th e  colour e lu te d  f o r  1 h r  in  
the  dark w ith  5 ml o f the  e lu tio n  so lu tio n . The tubes were shaken in  
a W hirlim ixer during  and a t  the end o f e lu t io n , and cen trifu g ed  i f  
necessary . The o p tic a l  den sity  was read  a t  505 nm. Typical s tan d a rd  
curves f o r  th e  polyamines and p u tre sc in e  a re  shown in  F ig . 3.
(5) L ip ids
T otal l ip id s  inc lud ing  gang liosides were e x tra c te d  from th e  b ra in  
t is s u e  by th e  double e x tra c tio n  procedure o f  Suzuki (1964) which i s  a 
m o d ifica tio n  o f th e  o r ig in a l  method o f  Folch-P i e t  a l  (1957). D up licate  
samples o f  th e  t i s s u e  m a te r ia l,  weighing 0 .5  to  lg  were f i r s t  homogenized 
w ith  20 volumes o f  chloroform :methanol (2 :1  v/v )  and th e  homogenate 
f i l t e r e d  through Whatman No. 1 f i l t e r  p ap er, w ith  rep ea ted  washings 
w ith  th e  chloroform :m ethanol m ixture. The resid u e  was recovered  and 
r e -e x tra c te d  w ith  10  volumes o f chloroform :methanol (1 :2  v/v )  con ta in ing  
51 d i s t i l l e d  w ate r and the  e x tra c t f i l t e r e d  as above. The two e x tra c ts  
were combined and chloroform  was added to  make th e  chloroform  .‘methanol 
com position approx. 2 :1  (V/ v ) .
G angliosides were p a r t i t io n e d  in to  an aqueous phase by adding 0 .2  
vo l o f  0.881 KC1 to  th e  e x trac t,sh ak in g ,an d  leav ing  o v ern ig h t. The 
upper phase was tra n s fe r re d  in to  a d ia ly s is  sac (v isk ing  tub ing ; 
S c ie n t i f ic  Instrum ent Centre L td . , England) and the  in te r f a c e  was 
washed w ith  a few m i l l i l i t r e s  o f  fre sh  th e o re t ic a l  upper phase 
(Folch e t  a l , 1957) which was chloroform :m ethanol:0.881 KC1,
3:48:47, by v o l , and then  w ith  the  th e o re t ic a l  upper phase co n ta in in g  
no s a l t .  Both th e  washings were added to  th e  d ia ly s is  bag. In  th e
casp o f  cerebellum  whose gan g lio sid e  co n cen tra tion  was low, o r  in  
some cases where the  amount o f  t is s u e  was sm all ( le s s  than  0 .5  g) 
the combined upper phases were evaporated to  a sm all volume (10-15 
ml) in  a ro ta ry  ev ap o rta to r a t  40° befo re  d ia ly s is .  D ia ly s is  was 
c a r r ie d  ou t f o r  48 h r  a g a in s t 2 l i t r e s  o f  p re -co o led  d i s t i l l e d  
w ater w ith  one change a f t e r  24 h r .  The whole e x tra c tio n  procedure 
and the  d ia ly s is  were performed in  th e  co ld  room a t  4°. At th e  
end o f d ia ly s is ,  th e  con ten ts o f  the  bag were recovered and fre e z e -  
d ried . The gang lio sides were d isso lv ed  in  0 .5  ml o f d i s t i l l e d  w ater 
and kep t in  a  r e f r ig e r a to r .  This g ang lio side  p re p a ra tio n  was 
s a t is f a c to iy  fo r  accu ra te  a n a ly tic a l  s tu d ie s  (Suzuki and Chen, 1967).
The washed lower-phase o f  the  t o t a l  l ip id  e x tr a c t  was used f o r  
the study o f  phospho lip ids, c h o le s te ro l and i t s  e s te rs .
( i)  T o tal g an g lio s id e s :
The amount o f  t o t a l  gang lio sides was determ ined by m easuring the  
N -acetylneuram inic a c id  (NANA) co n ten t o f  the  g an g lio sid e  p re p a ra tio n  
by Svennerholm’s (1957) re so rc in o l method, as m odified  by M ie ttin en  
and Takki-Luukkainen (1959).
R esorcinol reagen t: 80 ml, o f  conc. HC1 ac id  con ta in ing  0.25 ml o f
0.1M copper su lphate  was added to  10 ml o f 2% re so rc in o l (A nalar grade) 
s o lu tio n . The volume was made to  100 ml w ith  d i s t i l l e d  w a te r. This 
reagent was used a t  le a s t  4 h r  a f t e r  p rep a ra tio n  and s to re d  in  a 
r e f r ig e ra to r .  Fresh reag en t was prepared  every week.
D uplicate samples o f  50-100 y l  o f  the  g an g lio sid e  p re p a ra tio n  were 
tra n s fe rre d  in to  t e s t  tubes and d ilu te d  to  1 ml w ith  d i s t i l l e d  w a te r .
One ml o f the re so rc in o l reagen t was added to  each tube and th e  co n ten ts
were mixed w ith  a W hirlim ixer. The tubes were then heated  fo r  20 min 
in  a b o ilin g  w ater ba th . A f te r  coo ling , the  co lour was ex tra c te d  w ith
3.5 ml o f n -b u ty l a c e ta te :n -b u ta n o l (85:15 v/v ) and the  o p tic a l  
density  measured a t  580 nm using  a Unicam SP500 Spectrophotom eter.
A standard  curve fo r  NANA. (F ig . 4 ) was prepared using 0 to  80yg 
NANA/ml t r e a te d  in  the same way as th e  samples. Recovery o f  bovine 
b ra in  g ang lio sides (Koch-Light L aborato ries L td .) added to  b ra in  t i s s u e  
samples was always more than 971.
( i i )  Measurement o f  in d iv id u a l gan g lio sid es: T h in -layer chromatography
The d if f e r e n t  gang lio side  species  were sep ara ted  by th in - la y e r  
chromatography (TLC). TLC p la te s  20 cm x 20 cm were lay ered  w ith  
S i l ic a  Gel G (Merck, Germany), 0.25 mm th ic k , by uniform ly spreading  
a s lu r ry  o f th e  g e l (3g ge l in  6ml w ater p e r  p la te )  w ith  an ad ju s ta b le  
a p p lic a to r . The p la te s  were a i r - d r ie d  fo r  20 min. and s to re d  in  a dry  
cupboard. Immediately befo re  use the p la te s  were a c tiv a te d  by h ea tin g  
fo r  about 2 h r  a t  130°-135°. E x trac ts  o f gangliosides corresponding to  
about 30-40yg NANA were ap p lied  to  th e  p la te  in  2 cm s tr e a k s ,  1 .5  cm 
a p a r t, by means o f  a 50yl m ic ro -p ip e tte . The spo ts were thoroughly  
d rie d  by a h a i r - d r ie r  a f t e r  each ad d itio n  o f the  e x tr a c t .  Before 
development, the  edges o f  th e  absorbant la y e r  on the p la te  was scraped  
to  provide even and p a r a l le l  bo rders .
To perm it a longer developing time f a c i l i t a t i n g  s a t i s f a c to ry
re so lu tio n  o f  the  gan g lio sid e  sp e c ie s , a paper wick (Whatman No. 1)
was a ttch ed  to  th e  top o f  the  p la te ,  supported by two th in  g la ss  rods
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w ired to g e th e r a t  the  ends. Shandon chromatotanks (23 x  23 x  7cm ) 
were used.
The so lv en t system used (chloroform : methanol: 2 .5N NH^ 6 0 :3 5 :8 ,by vol) to  
develop the p la te s  was M erat’s(1971) m od ifica tio n  o f  th a t  o f  Penick e t  a l (1966).
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F resh ly  prepared  so lv en ts  (about 100 ml) were used every n ig h t, and 
a p e rio d  o f about 30 min was allow ed, a f t e r  ad d itio n  o f the so lv en t 
in to  th e  tank , to  achieve s a tu ra tio n  o f the  in n er atmosphere w ith  
the  so lv en t. P la te s  were developed f o r  14-16 h r  overn ig h t, and 
the p la te s  were immediately and thoroughly d r ie d  in  a fume cupboard w ith  
a h a i r - d r ie r .  Spots were v is u a l is e d  by a spray  o f  d i s t i l l e d  w ate r.
The use o f  a Rhodamine B spray  (Merat, 1971) f o r  the  d e te c tio n  o f  
the  spo ts  was avoided, s in ce  th e  co lou r o f  the  Rhodamine B sometimes 
in te r f e re d  w ith  th e  determ ination  o f NANA, p a r t ic u la r ly  in  th e  b ig g er 
sp o ts . The g an g lio sid e  sp o ts  were c le a r ly  v is ib le  on the wet absorbant 
and were e n c irc le d  befo re  the g e l d r ie d . The fo u r m ajor g an g lio s id es , 
S l l ,  S l a ,  GDlb and ^T1 were measured, each • includ ing  the n e a re s t 
minor g an g lio sid e . When dry , each sp o t was c a re fu lly  scraped  in to  a 
t e s t  tube and v igorously  mixed w ith  1 ml o f  d i s t i l l e d  w ater w ith  a 
W hirlim ixer fo r  a t  le a s t  1 min. NANA con ten ts  o f the in d iv id u a l 
spo ts  were then  determ ined by the  Svenneiholm’s . (1957) re so rc in o l 
method as described  e a r l i e r .  Vigorous shaking o f the  tubes w ith  a 
W hirlim ixer during h ea tin g  w ith  th e  re so rc in o l reagen t was found to  
improve th e  recovery o f the  g an g lio sid e  from the g e l. I t  was a lso  
found th a t  scrap ing  the  spo ts o f f  the  p la te s  n o t l a t e r  than 1 h r  a f t e r  
the  d e tec tio n  improved th e  recovery o f  g an g lio sid es . Recovery was 98%
_+ 2%. A delay o f  s u b s ta n tia l ly  longer than 1 h r  befo re  removal could 
reduce the  recovery by as h igh as 501. A fte r  the  e x tra c tio n  o f  th e  
co lour w ith  th e  b u ty la c e ta te :b u ta n o l so lv e n t, i t  was found n ecessary  
to  cen trifu g e  th e  tubes a t  low speed (1,000 r .p .m .)  fo r  3 to  4 min 
to  g e t a d i s t in c t  and c le a r  in te r fa c e  between the  two phases.
The . sum o f  th e  NANA conten t o f  the  fo u r major 
gang lio sides was taken as 100%, and th e  percentage c o n tr ib u tio n  o f
the  in d iv id u a l gang liosides on a m olar b a s is  was c a lc u la te d  by d iv id in g  
the  NANA conten t o f  by 3, o f  G ^ a and G ^^  each by 2, and o f  G ^  
by 1, s ince  they con ta in  3, 2 and 1 NANA m o ie tie s , re sp e c tiv e ly , p e r  
m olecule.
( i i i )  Phospholipid phosphorus
T otal lip id-phosphorus ( lip id -P )  was determ ined in  th e  washed 
lower phase o f  the t o t a l  l i p id  e x tra c t  (page 42) by a m o d ifica tio n  o f  
th e  method o f  King (1932).
Reagents:
(a) P e rch lo ric  ac id  (PCA), 60-62%; 6 % i vh )
(b) Amminium molybdate, A .R ., 0.6% in  6 % PCA. The molybdate was 
f i r s t  d isso lv ed  in  a minimal volume o f  d i s t i l l e d  e a te r ,  and then  6 %
PCA was added.
(c) A scorbic a c id , 0.2% in  d i s t i l l e d  w ater. This so lu tio n  was 
prepared  f re sh  before use .
(d) Phosphorus standard : A s to ck  s tan d a rd  s o lu tio n  (1 mg P/ml) was 
p repared  by d isso lv in g  0.4387 g o f  potassium  dihydrogen o rtho  
phosphate (A .R., Hopkin and W illiams L td . , England) in  a minimal 
volume o f  d i s t i l l e d  w ater and d i lu t in g  w ith  6% PCA to  100 m l. The 
s tock  s tandard  was d ilu te d  1 in  50 w ith  6% PCA to  give a working 
s tandard  con tain ing  20yg P/m l.
The l ip id  e x tra c t was mixed w e ll, and cloudiness produced by th e  
tra c e s  o f  the upper aqueous phase was removed by the a d d itio n  o f  a few 
ml o f  methanol. D uplicate p o rtio n s  (0.5 to  1 ml) o f  th e  e x t r a c t  were 
tra n s fe r re d  in to  K jeldahl m ic ro -d ig estio n  f la s k s  and evaporated  to  
conplete  dryness under a stream  o f  n itro g e n . One ml o f  60% PCA was 
added to  each f la s k , and the  con ten ts  h ea ted  e l e c t r i c a l l y  slow ly a t
f i r s t  and then  v ig o ro u sly , u n t i l  the  so lu tio n s  became c le a r .  The 
con ten ts were allowed to  cool and tra n s fe r re d  q u a n ti ta t iv e ly  w ith  
d i s t i l l e d  w ater in to  10  ml volum etric  f la sk s  and the  volume made up.
To 4 ml o f  th e  thoroughly mixed d ig e s t and to  same volumes o f 
phosphorus s tan d a rd  so lu tio n s  con ta in ing  0  to  20pg P was added 1 .5  ml 
o f  the 0.61 molybdate so lu tio n . A scorbic ac id  so lu tio n  (0.5 ml) was 
added to  th e  tu b e s , in  succession , a t  an in te rv a l  o f  2 min, and the  
con ten ts mixed thoroughly. The co lour was allowed to  develop f o r  
50-60 min, and th e  o p tic a l  d en sity  read  again  su ccessiv e ly  a t  2 min 
in te rv a ls ,  a t  720 nm in  a Unicam SP500 spectrophotom eter. This time 
in te rv a l  p ra c t ic e  was adapted to  ensure the  o p tic a l  d en s ity  in  each 
tube be tak en  ex ac tly  th e  same time a f t e r  the  ad d itio n  o f the  
co lour producing ag en t, asco rb ic  a c id . This was n ecessa iy  so as 
to  combat th e  f a c t  th a t  production  o f co lour by t h i s  reducing agent 
was con tinuous, and the  in te n s i ty  o f  th e  co lour went on in c re a s in g , 
although slow ly , hours a f t e r  the re a c tio n  was s ta r te d .
(iv ) In d iv id u a l phospho lip ids: T h in -lay er chromatography
Phospholipids were sep ara ted  by th in - la y e r  chromatography (TLC) 
(Cuzner and Davison, 1967). TLC p la te s  w ith  absorbant la y e r  th icknes 
o f  0.25 mm were p repared  as p rev io u sly  described  and a c tiv a te d  by 
h ea tin g  a t  110° fo r  1 h r .  A p o r tio n  o f th e  l ip id  e x tra c t  was 
concen tra ted  under n itro g e n , and d u p lica te  a liq u o ts  con tain ing  approx. 
75yg l ip id -P  were ap p lied  on to  the  same p la te  in  2 cm s tre a k s ,  1 .5  on 
a p a r t .  A m ixture o f  s tan d a rd s , o f cho line  (CPG), ethanolam ine (EPG), 
s e r in e  (SPG), in o s i to l  (IPG) phosphoglycerides and sphingomyelin (SPh) 
(Koch-Light L abora to ries) was a lso  run on th e  same p la te .  SPG and IPG 
were e a r l i e r  found to  m igrate a t  the  same speed. The so lv en t system
(chlorofoim:methanol:ammonia (0.88 s p .g r . ) ,  1 7 :7 :1 , by vol) (Cuzner 
and Davison, 1967) was f re s h ly  prepared . Solvent (100 ml) was poured 
in to  a chromatotahk (Shandon) and allowed to  s tan d  fo r  about 30 min 
w ith  occasional g en tle  shaking to  s a tu ra te  the  tank  atm osphere. As 
fo r  the g a n g lio s id e s , a paper wick was a tta ch ed  a t  the top  o f  th e  p la te  
in  o rder to  in c rease  the  e f fe c t iv e  len g th  o f  the  p la te  and e f f e c t  a 
b e t te r  re so lu tio n  o f  the  phospholip ids. The p la te s  were developed 
overn igh t fo r  14-16 h r .  A f te r  d iy ing  thoroughly  in  a fume cupboard, 
the  phospholip id  spo ts were d e tec ted  by exposing the  p la te  to  iod ine 
vapour, and were qu ick ly  en c irc le d . SPG and IPG m igrated  a t  the same 
speed and w ere, as such, taken as a s in g le  e n t i ty  in  a  s in g le  band.
Traces o f io d in e  were removed w ith  waim a i r  - from a h a i r - d r i e r ,  and 
th e  spo ts scraped  in to  micro-Kj e ld ah l f la sk s  and d ig es ted  w ith  1 ml 
o f  60% PCA u n t i l  th e  ge l suspension became c o lo u r le ss . I n te im it te n t  
vigorous sw irlin g  o f  the  f la sk s  in  a v o rtex  m ixer during d ig e s tio n  
improved the  recovery . The d ig e s tio n  m ixture was t r a n s fe r re d  w ith  
5 to  6 ml o f  d i s t i l l e d  w ater in to  a c e n tr ifu g e  tube. A f te r  c e n tr ifu g a tio n  
a t  2,000 r.p .m . fo r  10 min in  an MSE M is tra l 6L c e n tr ifu g e , th e  super­
n a ta n t was t ra n s fe r r e d  to  a 10  ml volum etric  f la s k  and th e  g e l p e l l e t  
washed tw ice w ith  1.5 ml d i s t i l l e d  w ater and th e  washings added to  th e  
f la s k .  A fte r  making up to  10  m l, 4 ml o f  th i s  d ig e s t was used f o r  P 
dete im ination  by th e  same method as th a t  used fo r  t o t a l  l ip id -P .
The sum o f P in  th e  fo u r f ra c t io n s ,  CPG, EPG, SPG + IPG, and 
SPh was taken  as 100%, and the percentage conposition  o f  th e  l ip id s  
c a lc u la te d  acco rd ing ly .
(v) T otal c h o le s te ro l
T otal c h o le s te ro l was measured in  th e  l i p id  e x tra c t  by a m o d ifica tio n  
(Henly, 1957) o f  the  method o f  Z la tk is  e t  a l  (1953).
Reagents:
F e rr ic  ch lo rid e : a c e t ic  ac id  reagen t: F e r r ic  ch lo rid e  hexahydrate 
(A.R.; BDH Chemicals, England) was d isso lved  in  g la c ia l  a c e t ic  a c id  
(A.R.) a t  a co n cen tra tio n  o f 0.05%, w/v. This so lu tio n  was p repared  
d a ily  before use and kept in  the  dark.
Sulphuric a c id , concen tra ted  (S p .gr. 1.84) A.R. (F isons, England). 
C ho lestero l s tan d ard : C ho leste ro l biochem ical s tandard  (BDH Chem icals, 
England) was d isso lv ed  in  f e r r i c  c h lo r id e -a c e tic  ac id  re ag en t, 1 mg/ml.
A working s tan d a rd  was made by d i lu t in g  th is  so lu tio n , 1 in  25, w ith  
the  f e r r i c  c h lo r id e -a c e tic  ac id  reag en t. This so lu tio n  was p rep ared  
fre sh  befo re  u se , and kept in  th e  dark.
D uplicate samples (0.1 ml) o f  the l ip id  e x tra c t  were taken  in  
t e s t  tubes and evaporated  to  dryness under n itro g e n . F e r r ic  c h lo r id e -  
a c e tic  ac id  reagen t (3 ml) was added to  each tu b e , and the  co n ten ts
v igorously  mixed in  a  W hirlim ixer. Standard samples o f c h o le s te ro l
were a lso  taken in  t e s t  tu b es , 0 to  40yg/3 ml o f  the f e r r i c  c h lo r id e -  
a c e tic  a c id  reag en t. To each tube was added 2 ml o f  conc. ^SO ^
from a b u re t te ,  and th e  tubes were c a re fu lly  shaken w ith  a W hirlim ixer
u n t i l  a uniform  medium was ob ta ined , devoid o f any bubbles. A fte r  
standing f o r  30 min , the  o p tic a l  d en s ity  was read  a t  560 nm in  a 
Unicam SP500 spectrophotom eter.
(v i) C ho lestero l e s te r s
The c h o le s te ro l e s te rs  were sep ara ted  from fre e  c h o le s te ro l by TLC. 
Because o f th e  sm all amount o f  c h o le s te ro l e s te rs  p re se n t, i t  was 
necessary  to  co n cen tra te  th e  t o t a l  l i p id  e x tra c t  in  a ro ta ry  ev ap o ra to r 
a f t e r  removal o f samples f o r  phospholip ids and c h o le s te ro l d e te rm in a tio n . 
The tem perature o f  th e  evaporator was no t allowed to  exceed 45° and 
the volume o f  the e x tra c t  was reduced to  4-5 m l. The co n cen tra ted
e x tra c t  was tra n s fe r re d  q u a n ti ta t iv e ly  to  a small t e s t  tube and 
su b jec ted  to  q u a n ti ta t iv e  p re p a ra tiv e  TLC. Ihe p la te s  were prepared  
as described  above except th a t  the  th ickness o f th e  absorbant la y e r  
was 0 .5  mm. The p la te s  were a c tiv a te d  a t  110° fo r  1 h r  befo re  u se .
The whole o f th e  e x tr a c t  was ap p lied  on to  the p la te  in  a long band 
along the  len g th  o f  th e  p la te ,  keeping a blank space o f  1 .5  cm a t  
each s id e . The p la te  was developed in  n-hexane: d ie  th y le th e r: g la c ia l  
a c e tic  a c id  (70:30:1 , by vo l ) u n t i l  the  so lven t f ro n t reached 
about 2 cm from th e  to p . The p la te  was thoroughly d r ie d  in
a fume-cupboard under warm a i r  from a h a ird ry e r . A methanol spray  
(Eto and Suzuki, 1972) o r  a sim ple w ater spray was used to  d e te c t 
the  l ip id  bands which were qu ick ly  en c irc le d . When dry th e  bands o f 
ch o le s te ro l e s te r s ,  and c h o le s te ro l were almost immediately scraped 
in to  t e s t  tu b es, and the  l ip id s  e lu te d  by v igorously  shaking w ith  
chloroform: methanol (1 :1  v/v )  follow ed by c e n tr ifu g a tio n  fo r  10  min 
a t  2,000 r .p .m . in  a M is tra l 6L c e n tr ifu g e . The resid u es  were washed 
tw ice w ith  the  same e lu a n t and cen trifu g ed  as above. A ll th e  su p ern a tan ts  
were combined, evaporated under n itro g e n , d isso lved  in  sm all volumes o f  
chloroform :methanol (2:1 v/v )  and sub jec ted  to  th e  whole TLC procedure 
as above fo r  f u r th e r  p u r if ic a t io n .  The l ip id s  were f in a l ly  d isso lv ed  
in  chloroform  .’methanol (2:1 v/v )  and the  volumes made up to  5 ml fo r  
c h o le s te ro l e s te rs  and 10 ml fo r  c h o le s te ro l. C h o lestero l and c h o le s te ro l  
e s te rs  were determ ined by th e  methods described  above. C h o les te ro l 
s te a ra te  was used as the  s tan d ard  in  determ ining the  c h o le s te ro l e s te r s .
Recovery o f  c h o le s te ro l and c h o le s te ro l e s te rs  during th in - la y e r  
chromatography
The recovery  o f  c h o le s te ro l e s te rs  was in v e s tig a te d  by tak in g  
varying amounts (200  yg up to  1 mg) o f  c h o le s te ro l o le a te  and c h o le s te ro l  
s te a ra te  (BDH Chemicals L td . , England) through to  the  whole TLC
procedure described  above. The recovery was in  each case always 
more than 90% and was alm ost independent of. the  amount used . In  
th e  range o f th e  amounts used th e  mean recovery was 92% _+ 2%; w ith  
g re a te r  amounts, the  recovery was l e s s .  The recovery o f  c h o le s te ro l 
s im ila r ly  examined from amounts o f  1 to  10 mg was 88% + 3%.
C alcu la tion
The q u a n ti ta t iv e  values ob ta ined  fo r  c h o le s te ro l and c h o le s te ro l 
e s te rs  ( a f te r  TLC) were co rre c ted  according to  th e i r  reco v erie s  and 
added to g e th e r to  g ive th e  value f o r  t o t a l  c h o le s te ro l. This was 
in  ex ce lle n t agreement w ith  an e r ro r  < 1 % w ith  the  value ob ta in ed  
in  the o r ig in a l  t o t a l  l i p id  e x tr a c t .  C ho lestero l p re se n t in  th e  
e s te r i f ie d  form was expressed  as a  percentage o f the t o t a l .
(v ii)  C ho lestero l e s te r  f a t ty  a c id s :g a s - l iq u id  chromatography
The rem ainder o f the  p u r if ie d  c h o le s te ro l e s te rs  p re p a ra tio n  was 
used fo r  in v e s tig a tio n  o f t h e i r  f a t ty  a c id  com position. The f a t t y  ac id s  
o f  the  e s te rs  were converted in to  f a t ty  a c id  methyl e s te r s  and analysed  
by g a s - liq u id  chromatography (GLC).
P reparation  o f f a t ty  ac id  methyl e s te r s :
Reagents: E thanol-potassium  hydroxide (2M): Potassium  hydroxide (11.2 g) 
was d isso lved  in  100 ml o f 95% e th y l a lcoho l and f i l t e r e d .  This s o lu tio n  
was prepared f re s h  b efo re  u se .
Anhydrous m ethanolic HC1 (5% w/w ): Traces o f  w ater was removed from 
methanol by allow ing i t  to  s tan d  overn igh t in  co n tac t w ith  fu sed  coarse  
powdered calcium c h lo r id e , and then  e i th e r  f i l t e r i n g  o r  c e n tr ifu g in g  th e  
suspension. The dry methanol thus ob ta ined  was s to re d  in  a t i g h t ly  
stoppered brown b o t t l e .  H ydrochloric ac id  gas, a lso  d ry , was g en era ted  
from sodium ch lo r id e , con tained  in  a q u ic k - f i t  con ica l f la s k ,  w ith  conc.
su lphuric  a c id , added to  th e  s a l t  drop by drop from a sep a ra tin g  fu n n e l.
The gas produced was passed  through a q u ic k - f i t  j a r  f i l l e d  • 
w ith the  fused  calcium  c h lo rid e  powder. The dry gas was in tro d u ced  in to  
a known amount o f  dry m ethanol contained in  ano ther j a r .  The gas was 
passed u n t i l  i t  was no le s s  than  5% W/w in  th e  so lv e n t. Traces o f  
calcium ch lo rid e  powder were found to  sedim ent on long stan d in g  in  
the reagent thus p repared  and were removed by f i l t r a t i o n .  The reag en t 
was s to red  in  a  t ig h t ly  stoppered  b o t t l e .
A ll chem icals and so lv e n ts  were o f  a n a ly tic a l  grade q u a l i ty .
I n i t i a l l y ,  attem pts were made f o r  a d ir e c t  tran sm eth y la tio n  
o f  the  c h o le s te ro l e s te r s  f a t ty  ac ids by h ea tin g  th e  e s te rs  a t  85° under 
re flu x  w ith  5% m ethanolic HC1, as performed by o th e r  workers (Svennerholm,1968 
Eto and Suzuki, 1972)> ... I j except th a t  they  had th e  re a c ta n ts  
in  a sea led  v ia l .  These attem pts were, however, n o t su ccess fu l due 
to  incomplete tran sm eth y la tio n  d esp ite  th e  f a c t  th a t  the  re a c ta n ts  
were heated  f o r  5-6 h r  compared w ith  only 2 h r  in  case o f  h ea tin g  in  
sealed  v ia ls .  The incom pleteness in  tran sm eth y la tio n  was a t  l e a s t  20% 
as shown by TLC in v e s t ig a t io n . Since i t  was n o t known i f  any f a t t y  
ac id  was p r e f e r e n t ia l ly  more transm ethy la ted  than o th e rs , a p r io r  
sap o n ifica tio n  s te p  was inc luded  in  th e  assay procedure, which r e s u l te d  
in  conplete h y d ro ly s is  o f  th e  c h o le s te ro l e s te r s .  F a tty  ac id s  thus 
lib e ra te d , when re a c te d  w ith  HCl-methanol, produced q u a n t i ta t iv e  amounts 
o f th e ir  m ethyl e s te r s .  This was a lso  v e r i f ie d  by TLC.
C ho lestero l e s te r s  in  chloroform -m ethanol were d r ie d  under n itro g e n  
and sap o n ified  w ith  3 ml 2M KOH (e th an o lic ) in  w ater b a th  at 70° f o r  1 h r .  
A fte r coo ling , th e  so lu tio n  was d ilu te d  w ith  an equal volume o f  d i s t i l l e d  
w ater and a c id i f ie d  w ith  h y d ro ch lo ric  a c id  to  pH < 2. The l ib e r a te d  
f a t ty  acids were e x tra c te d , along w ith  the  f re e  c h o le s te ro l ,  w ith  1 0  ml
of petroleum  s p i r i t  (b .p . 40°-60°). The e x tra c tio n  was repeated  
tw ice w ith  6 ml o f s p i r i t  and the  combined e x tra c ts  evaporated to  
dryness under n itro g e n . Five ml o f  5% m ethanolic HC1 were added 
to  th e  tube con ta in ing  the  f a t ty  a c id s , and the  contents were 
heated  a t  85° under re f lu x  fo r  2 h r .  A fte r  coo ling , th e  f a t ty  
ac id  methyl e s te rs  (FAME) were e x tra c te d  th re e  tim es w ith  equal 
volumes o f petroleum  s p i r i t  (b .p . 40°-60°), and a l l  the  e x tra c ts  
combined and evaporated to  a sm all volume (0.5 ml) under n itro g en .
P u r if ic a t io n  o f FAME
FAME prepared  as above were accompanied by f re e  c h o le s te ro l and 
o th e r  so lv en t im p u ritie s . Before an a ly s is  by GLC, they were p u r if ie d  
by TLC. The concen tra ted  FAME p re p a ra tio n  was ap p lied  on to  a p rev io u sly  
a c tiv a te d  TLC p la te  o f  0.25 mm la y e r  th ickness and the p la te  developed 
in  n -h e x a n e :e th e r:a c e tic  ac id  (g la c ia l)  70:30:1, by v o l, f o r  30 min 
Standard methyl s te a ra te  (Koch-Light Labs, ) was used to  id e n tify  the  
FAME sp o t which was immediately scraped  in to  a t e s t  tube e lu te d  w ith  
ch lo ro fo im :m e th an o l(l:l,V/v )  as b e fo re . Also the  c h o le s te ro l sp o ts  o f  
5 d i f f e r e n t  samples were scraped and e lu te d . The values o f  c h o le s te ro l 
ob ta ined  in  th ese  p rep a ra tio n s  when co rrec ted  by the recovery  f a c to r ,  
agreed f a i r l y  w ell w ith  th e  amounts o f  c h o le s te ro l e s te rs  tran sm eth y la ted  
w ith  an e r ro r  o f  61 _+ 1%. This in d ic a te d  th a t  an almost t o t a l  t r a n s ­
m ethy lation  o f  the c h o le s te ro l e s te r s  had occurred.
The FAME so lu tio n  was d rie d  under n itro g en  and the  FAME red isso lv e d  
in  a sm all volume o f  chloroform  (A nalar).
G as-liq u id  chromatography
A Pye-Unicam gas chromatograph (Pye 104 s e r ie s )  equipped w ith  a 
hydrogen flame io n iz a tio n  d e te c to r  was used fo r  the  a n a ly s is  o f  th e
f a t ty  ac id  methyl e s te r s .  The g la ss  column (Pye-Unicam, Cambridge, 
England) was packed w ith  10% (w/w) po lyethy lene g lyco l ad ipa te  (PEGA) 
in  h igh perfoim ance chromosorb W, and was conditioned  befo re  use by 
hea tin g  fo r  24h a t  210°. Each day b efo re  u se , the  column was rehea ted  
fo r  a t  le a s t  l h r  a t  the  above tem perature w ith  the  c a r r ie r  gas, n itro g e n , 
p assing  a t  a r a te  o f  about 38 ml/min. The column tem perature was 
m aintained a t  192° during a l l  an a ly ses. The d e te c to r  tem perature was 
always 20° h ig h er than  the  column tem pera tu re . A hydrogen-air ig n it io n  
was used f o r  th e  flame io n iz a tio n  d e te c to r .
A ly l  p o r tio n  o f  chloroform  s o lu tio n  o f  FAME, corresponding to
lyg o f  c h o le s te ro l e s te r s ,  was in je c te d  in to  the  column from a lOyl
sy ringe  (Shandon), and th e  a n a ly s is  was c a r r ie d  out fo r  2 h r .  During
r
the f i r s t  hour, a l l  the  f a t ty  ac id s (methyl e s te r )  up to  20:4 were 
recorded; in  the  second hour, when long-chain  f a t ty  acids were expected 
to  be s ig n a lle d , only very minor peaks appeared.
The peaks were id e n t i f ie d  by GLC20 and NHI m ixtures (Chromatography 
Services Co-., Cheshire) o f  f a t ty  a c id  m ethyl e s te r s . The f a t ty  ac ids 
were q u a n tita te d  by th e  tr ia n g u a la tio n  method (Svennerholm, 1968). 
Q u an tita tiv e  r e s u l ts  agreed w ith  th e  s ta te d  com position d a ta  w ith  an e r ro r  
o f le s s  than  3% fo r  the  m ajor components and no more than  6% f o r  th e  minor 
components. The f a t ty  ac id  com position in  the  samples was expressed as 
percentages o f  a rea  i . e .  w eight p e rcen tag es .
B. STUDIES ON RAT BRAIN
(a) B rain m a te r ia l: r a t s  undernourished befo re  and a f t e r  b i r th
Female w hite a lb ino  r a t s  o f  th e  W ister s t r a in  were mated overn igh t 
w ith  males o f  the  same s t r a in ,  and the  pregnancy was judged by the  
vag inal smear t e s t  on the  follow ing morning. On th e  6 th  day o f  pregnancy, 
24 r a ts  were taken and randomly d iv ided  in to  two groups o f  12 and caged 
in d iv id u a lly . One group received  the  stock  p e l le te d  d ie t  ad lib itu m  
(con tro l) and th e i r  food in tak e  was measured every 24hr. The o th e r  
group (undernourished), each matched as c lo se ly  as p o ss ib le  to  th e  
body w eight o f  one o f  th e  co n tro l r a t s ,  was given 50% o f  the  food taken 
by the re sp e c tiv e  c o n tro ls  throughout pregnancy and la c ta t io n .  The 
l i t t e r  s iz e  in  each group was ad ju sted  to  8 pups p e r  m other, tak in g  4 
males and 4 females whenever p o ss ib le  to  e lim in a te  any sex d if fe re n c e s .
A ll pups were weaned on the 21st day a f t e r  b i r th  and pups bom  to  th e  
undernourished mothers continued on 50% o f  the  amount o f  food consumed 
by the c o n tro l p ip s  th a t  had access to  food ad lib itu m .
(b) A dm in istra tion  o f H-glucosamine
3The iso to p ic  p recu rso r used was D- [1- H] glucosamine hydroch lo ride  
( s p .a c t . ,  13.9yCi/mg; rad io ac tiv e  co n cen tra tio n , 1 mCi/ml) purchased 
from the  Radiochemical C entre, Amersham, England. The ra d io a c tiv e  
so lu tio n  was d ilu te d  w ith  normal s a lin e  to  100 yCi/m l.
A ll th e  co n tro l and undernourished r a t s  rece ived  on th e  day o f  
weaning an in tra p e r i to n e a l  dose, 0 .75yC i/g body w eight, o f  th e  la b e l le d  
glucosamine and were k i l le d  by d e c a p ita tio n  a t  in te rv a ls  o f  2 , 8 and 
24 h r  , and 10, 30, 60 and 100 days a f t e r  in je c t io n .  Body w eights o f  
the r a t s  were recorded befo re  each k i l l in g .
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(c) Removal o f  th e  b ra in
The animals were k i l l e d  by d e c a p ita tio n , care  being taken  to  c u t 
the neck as f a r  back as p o ss ib le  to  ensure th a t  the  medulla oblongata 
was n o t excluded. The s k u ll  was immediately opened and th e  b ra in  
qu ick ly  removed, f re ed  from membranes and blood v e s se ls , and d is se c te d  
in to  th re e  m ajor p a r ts  (Dickerson and Dobbing, 1967a). The cerebellum  
was removed by severing  the  c e re b e lla r  peduncles and the  b ra in  stem 
was sep ara ted  from the  fo re b ra in  by a tra n sv e rse  cu t a n te r io r  to  the  
a n te r io r  c o l l i c u l i .  The p a r ts  were s e p a ra te ly  weighed and th e  cerebellum s, 
the b ra in  stem s, and re p re se n ta tiv e  samples o f the fo re b ra in s , were s to re d  
a t  -5 0 °fo r subsequent s tu d ie s . The rem ainder o f  the  fo reb ra in s  were alm ost 
immediately used fo r  su b c e llu la r  f ra c tio n a tio n .
(d) S iib ce llu la r f ra c t io n a tio n
S u b ce llu la r  f ra c tio n s  from the  r a t  fo reb ra in  were p repared  by 
s l ig h t  m o d ifica tio n s o f  the  methods described  by d i f f e r e n t  a u th o r i t ie s  
(Eichberg e t  a l ,. 1964; Lapetiria e t  a l /  1967;
Cuzner and Davison, 1968). The b ra in  t is s u e  (7-8 g) was homogenized 
in  a P o tter-E lvehjem  homogenizer by th re e  up and th ree  down s tro k e s , w ith  
4 volumes o f  ic e -c o ld  0.32M -sucrose. The homogenate was d i lu te d  to  101 
w ith  0.32M -sucrose and subm itted to  a s e r ie s  o f d i f f e r e n t ia l  and sucrose  
d en sity  g ra d ie n t c e n tr ifu g a tio n s  (F ig. 5 ) to  i s o la te  d i f f e r e n t  sub­
c e l lu la r  fragm ents. A ll the  s tep s  were c a r r ie d  out a t  2 -4°.
( l)  I so la t io n  o f  n u c lea r and la rg e  m yelin f ra c tio n s
The d ilu te d  homogenate contained  in  two 40 ml po lycarbonate 
c en tr ifu g e  tu b e s , was f i r s t  cen trifu g ed  in  the  8 x  50 ml angle-head  
ro to r  o f  an MSE High Speed 18 c e n tr ifu g e  a t  1,000 g fo r  10 min. Each
p e l l e t  (P^) was washed once by suspending in  7 to  8 ml o f  0 . 32M-sucrose
and re-sedim enting  under the  same co n d itio n s. The re s u l t in g  p e l l e t  
was resuspended in  3 ml o f  0 . 32M-sucrose and an equal volume of 
1.2M-sucrose was added to  make the  f in a l  sucrose con cen tra tio n  approx. 
0.8M. This suspension was then  c a re fu lly  layered  on to  9 ml o f
1.2M-sucrose con tained  in  a 20 ml polycarbonate tube and 3 ml o f  
0.32M-sucrose was lay e red  on top o f  i t .  C en trifu g a tio n  was c a r r ie d  
out in  the 8 x 25 ml angle-head ro to r  o f  an MSE Superspeed 50 c e n tr ifu g e  
a t  53,500 x  g (28,000 r .p .m ;)  fo r  60 min. This trea tm en t sep a ra ted  P^ 
in to  th re e  f ra c t io n s .  The large-m yelin  f ra c t io n  formed the  top band, 
n u c le i foimed the  in te rm ed ia te  band and c e l l  d eb ris  and blood c e l l s  
c o lle c te d  to  form a sm all b u t firm  p e l l e t  a t  the  bottom 
Eichberg, e t  a l ,  1964). The top two bands were removed w ith  a 
P asteur p ip e t te  in to  20 ml polycarbonate tu b es, d ilu te d  w ith  d i s t i l l e d  
w ater and p e l le te d  down a t  100,000 g fo r  60 min. Sucrose was removed 
by washing th e  p e l l e t s  w ith  d i s t i l l e d  w ater and resedim enting a t  1 0 0 , 000g 
fo r  60 min. This washing was repeated  once. The i n i t i a l  p e l l e t  o f  th e  
c e l l  debris  was d isca rd ed  .
(2) I so la tio n  o f  sm all-m yelin  fragm ents, synaptosomes and m itochondria
The combined su p ern a tan t and wash from f ra c t io n  P^ was tr a n s f e r r e d  
in to  two 40 ml polycarbonate tubes and cen trifu g ed  a t  13,500 g (10,800 
r.p .m .) fo r  20 min in  th e  8 x 50 ml ro to r  o f th e  HS18 c e n tr ifu g e  to  g ive  
a crude m itochondrial f ra c t io n  ^ 3  c o n s is tin g  o f  sm all m yelin fragm ents, 
synaptosomes and m itochondria. The p e l l e t  was washed once w ith  0.32M- 
sucrose and re c e n trifu g e d  as above. The p e l l e t  in  each tube was then  
resuspended by homogenization in  3 ml o f  0.32M -sucrose. Sucrose d e n s ity  
g rad ien t c e n tr ifu g a tio n  was c a r r ie d  out in  the  same way as P^ (Cuzner 
and Davison, 1968). The sm all-m yelin  fragments c o lle c te d  a t  th e  top
in te r fa c e , the  synaptosomes c o lle c te d  a t  the  second in te r f a c e ,  and 
m itochondria s e t t l e d  firm ly  a t  the bottom o f  the tube. The m yelin 
f ra c tio n  was removed in  a minimal volume o f sucrose so lu tio n , w hile  
the synaptosomes were removed w ith  a l l  th e  supernatan t above th e  
m itochondria. Each f ra c t io n  was then washed th ree  times w ith  d i s t i l l e d  
w ater by suspending the  p a r t ic le s  in  w ater and resedim enting a t
1 0 0 ,0 0 0  g f o r  60 min.
The large-m yelin  fragm ents and the  sm all-m yelin fragm ents were 
combined to  c o n s ti tu te  th e  m yelin f ra c t io n .
(3) I so la tio n  o f  the  microsomal f ra c t io n
The combined su perna tan t and wash from fra c tio n  was f u r th e r  
cen trifu g ed  a t  100,000g (40,000 r .p .m .)  f o r  60 min in  th e  8 x  25 ml r o to r  
o f the  SS50 ce n tr ifu g e . The r e s u l t in g  p e l l e t  c o n s titu te d  th e  microsomal, 
f ra c tio n  and was washed th ree  tim es w ith  d i s t i l l e d  w ater in  th e  same way 
as the  o th e r  f ra c t io n s .
(e) E x trac tio n  o f g ang lio sides from subcgLlular. f ra c tio n s
G angliosides were e x tra c te d  from a l l  the  su b c e llu la r  p a r t i c l e s ,  
except m yelin, e s s e n t ia l ly  by the  method o f  Suzuki and Chen (1967).
Total l ip id s  were f i r s t  e x tra c te d  w ith  20 vol o f  chloroform : m ethanol 
( 2 : l , v/v )  and the  e x tra c t  f i l t e r e d .  The resid u e  was r e -e x tr a c te d  w ith  
10 vol o f  chloroform :methanol (1 : 2 , v/v )  and the  e x tr a c t  f i l t e r e d  
again . For myelin the  e x tra c tio n  was c a rr ie d  out in  chloroform :m ethanol: 
w ater (10 :10 :1 ,by vo l ) and the  e x tra c t  was f i l t e r e d .  Since a s in g le  
e x tra c tio n  l e f t  very  l i t t l e  resid u e  o f  th is  f ra c t io n , no a ttem p t was made 
to  recover the  resid u e  and r e -e x tr a c t  i t .  Both th e  e x tra c ts  were combined 
and chloroform was added to  make the  chloroform: methanol com position 
approx. 2 :1 , by v o l. G angliosides were p a r t i t io n e d  in to  th e  aqueous
phase by adding 0 .2  vol o f  d i s t i l l e d  w ater to  th e  e x tra c t .  A fte r  
se p a ra tio n , the  lower phase was tw ice washed w ith  sm all amounts o f  
the  f re sh  th e o re t ic a l  upper phase con ta in ing  no s a l t  (Folch e t  a l . ,1 9 5 7 ) .
A ll upper phases were combined and concen tra ted  
to  a sm all volume (10-15 ml) in  a ro ta ry  evaporato r, w ith  th e  tem perature 
o f the  w ater b a th  n o t exceeding 40°. The concentrated  gang lio side  
p rep a ra tio n s  were d ia ly sed  f i r s t  a g a in s t running tap  w ater f o r  48hr and 
then ag a in s t 2 l i t r e s  o f  d i s t i l l e d  w ater f o r  24hr. The con ten ts o f  the  
d ia ly s is  sac were recovered and f re e z e -d r ie d .
(f) P u r if ic a t io n  o f gan g lio sid es
G angliosides p repared  as above were s u f f ic ie n t ly  pure f o r  noimal 
a n a ly tic a l  s tu d ie s ,  b u t they  con tained  a sm all amount o f  lower-phase 
l ip id s ,  n o tab ly  phospholip ids (Suzuki and Chen, 1967) which might 
have in te r f e re d  w ith  th e  measurement o f  ra d io a c tiv ity  in  g a n g lio s id e s .
To reduce e r ro rs  due to  non-gang lioside  l i p id  contam ination, th e  
gang lio sides were fu r th e r  p u r if ie d  by th e  'r e p a r t i t i o n ' procedure o f  
Suzuki and Chen (1967). The d rie d  gan g lio sid es were d isso lv ed  in  
chlorofoim.‘methanol (2 : 1, v/ v ) , and p a r t i t io n e d  w ith  the a d d itio n  o f  
0 .2  vol o f  w ate r. The upper phase was removed, and the  lower phase 
washed tw ice w ith  th e  th e o re t ic a l  upper phase as b e fo re . The combined 
upper phases were concen tra ted , d ia ly sed  and fre e z e -d r ie d , as b e fo re .
The p u r if ie d  g an g lio sid es  in  th e  f la sk s  were f in a l ly  d isso lv ed  
in  chloroform  .‘methanol (1 :1  v/v )  by stand ing  a t  room tem perature fo r  
a t  le a s t  2 h r  (Vanier e t  a l ,  1971). The so lu tio n  and two washings 
o f  the  f la sk s  were combined and c e n tr ifu g ed . The c le a r  su p ern a tan t 
was reduced in  volume under n itro g e n , and sm all p o rtio n s  were used 
f o r  t o t a l  NANA and r a d io a c t iv i ty  d e te rm in a tio n s . The rem ainder was 
fu r th e r  concen tra ted  and analysed  by TLC fo r  ra d io a c t iv ity  in  th e
in d iv id u a l g an g lio sid es .
(g) Measurement o f  r a d io a c t iv ity  in  t o t a l  gang liosides .
The to ta l  ganglioside-NANA was determ ined by th e  p rev io u sly  describ ed
re so rc in o l method o f  Svennerholm (1957) as m odified by M iettinen  and
Takki-Luukkainen (1959). Two procedures were follow ed fo r  th e  assay  o f
ra d io a c t iv ity .  In th e  f i r s t ,  a known p o rtio n  o f  th e  chloroform :m ethanol
(1 :1  v/v )  so lu tio n  o f  th e  p u r if ie d  g an g lio sid es  was taken  in  a counting
v ia l ,  evaporated to  dryness and re d isso lv e d  in  0 .1  ml d i s t i l l e d  w a te r.
Three ml o f  ethoxy e thano l and 10 ml o f  to luene con tain ing  5 g o f  2 ,5 -
diphenyl oxazole (PPO) and 0 .3  g o f  l ,4 -b is -2 (4 -m e th y l-5-pheny loxazo ly l)-
benzene (dimethyl POPOP) p e r  l i t r e  o f to luene were added to  th e  v i a l .
R ad io ac tiv ity  was counted in  a l iq u id  s c in t i l l a t i o n  coun ter (LKB 1210
U ltro b e ta ) . DPM (d is in te g ra tio n  p e r  m inute) values were d i r e c t ly
obtained  from c.p.m . (counts p e r  minute) values by fe e d in g  th e  machine
the values fo r  the  standards a , an, a« and a - .  These values wereo ' 1 ' 2 3
e a r l i e r  ob tained  by examining the degree o f quenching o f  an e x te rn a l
s tandard  (% -to lu en e , 50,000 DPM ) by varying  amounts (0*0 ml to  1 .0  ml)
o f a s u ita b le  quencher ( in  th is  case , chloroform) and thus c a lc u la t in g
the counting e f f ic ie n c y . The values ob ta ined  fo r  the  s tandards were
a = -10.4 , a, = 43 .6 , a 0 = 0 , and a -  = 0.o 1 -2  3
The to t a l  gang lio side  r a d io a c tiv ity  was then expressed as DPM/yg 
NANA, (sp e c if ic  a c t i v i t y ) . In the  a l te rn a t iv e  p rocedure , r a d io a c t iv i ty  was 
measured in  th e  b u ty la c e ta te : bu tanol e x tr a c t  o f  the  co lour produced by th e  
re so rc in o l re a c tio n  o f  NANA. The o p tic a l  d en s ity  in  th e  e x tr a c t  (3 .5  ml) 
was f i r s t  recorded in  a spectrophotom eter (SP500) and then  h a l f  o f  i t  
(1.75 ml) was used fo r  r a d io a c tiv ity  counting . The e x tr a c t  was tak en  in  
a counting v ia l ,  and 3 ml o f ethoxyethanol and 10 ml o f  the  to lu en e
s c i n t i l l a n t  (same as above) were added. R ad io ac tiv ity  was counted, 
and s p e c if ic  a c t iv i ty  (DPH/yg NANA.) c a lc u la te d .
The l a t t e r  procedure gave much lower v a lu es , sometimes only 
o n e-ten th , w ith  high  percentage e r ro rs  (24-25%) compared to  th a t  
ob tained  in  th e  former method (percentage e r ro r  only 2-3%) and was, 
th e re fo re , n o t used.
(h) Assay o f  r a d io a c t iv ity  in  the  major gang liosides
For th e  determ ination  o f  r a d io a c t iv ity  in  in d iv id u a l g an g lio s id es , quad­
ru p lic a te  samples were app lied  on to  th e  same p la te  and th e  gan g lio sid es 
sep ara ted  by TLC, as described  e a r l i e r .  samples were used for. NANA 
determ ination  in  the  usual way and th e  o th e r two fo r  r a d io a c t iv i ty .  For 
r a d io a c t iv ity  determ ination , each sp o t was tra n s fe r re d  to  a counting 
v ia l ,  and 10 ml o f  to luene s c in t i l l a n t ,  co n ta in in g  5g PP0, 0 .3g  dim ethyl 
POPOP and 40g 'C a b -o -s i l ' ( th ix o tro p ic  g e l)  p e r  l ^ t r e . o f  to lu en e , was 
added. The v ia l  was v igorously  sw irled  w ith  a vortex  mixer u n t i l  a l l  
the  formed p a r t ic le s  o f  the s i l i c a  ge l were d is in te g ra te d . The v ia ls  
were l e f t  fo r  some time in  the cold  room to  allow  any bubbles to  
d isappear. R ad io ac tiv ity  was counted in  the  LKB machine in  th e  same 
way as b e fo re .
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Table 2A. C lin ic a l  d e t a i l s  and h e ig h ts  and w eigh ts
o f  th e  Jamaican 1 c o n tr o l1 c h ild r e n
Age
(months)
Sex* Diagnosis Height 
(cm)
Body
w eight
(kg)
Weight
fo r
age
Percentage expected 
Height Weight 
fo r  fo r  
age h e ig h t
0 M S til lb o rn - 2.64 78 - -
1 F Whooping Cough 51 2.90 71 97 87
6 F G a s tro e n tr i t is 63 5.44 73 96 82
9 M G a s tro e n tr i t is 64 6.16 68 90 91
9 F G a s tro e n tr i t is 67 7.02 77 96 88
1° M G a s tro e n tr i t is 70 6 .1 1 64 96 70
11 M Hydronephros i s 65 7.40 74 88 104
18 F D ip th eria 79 9.20 80 98 85
24 M N ep h ritis 76 10.50 84 87 102
26 F Pneumonia 88 .11.80 91 100 94
*■
M, male; F, fem ale.
Table 2B. The weights o f  the fo re b ra in , cerebellum  and
b ra in  stem o f Jamaican * c o n tro l1 ch ild re n  and 
th e  concen tra tion  o f  w ater (g/kg fre sh  t is s u e )  
in  each p a r t .
Age
(months)
B rain w eight (g) 
FB* CB* BS* TOTAL FB
Water
CB BS
0 300 17,5 7.4 324.9 903 900 883
1 354 25.7 7.2 386.9 872 858 848
6 579 58.1 1 0 .0 647.1 834 820 752
9 647 89.5 11.5 748.0 836 825 779
9 836 95.3 18.5 949.8 825 825 772
10 832 1 0 0 .8 17.3 950.1 827 816 788
11 720 90.2 - - 845 833 -
18 814 108.7 18.9 941.6 820 821 780
24 898 124.0 18.4 1040.4 829 827 795
26 975 121 .2 17.0 1113.2 830 822 780
* FB, CB and BS d esigna te  F orebrain , Cerebellum and Brain s te m ,re sp e c tiv e ly
Table 3 A. C lin ic a l  d e t a i l s  and h e ig h ts  and w eig h ts
o f  th e  Jamaican m alnourished c h ild r e n
Age
(months)
Sex* D iagnosis Height
(cm)
Body
weight
(kg)
Percentage expected 
Weight Height Weight 
fo r  f o r  fo r  
age age h e ig h t
2s F Marasmus 49 2.48 47 85 83
8 F Marasmus 55 4.50 52 80 102
10 M Kwashiorkor 72 9.00 95 99 97
10 M Marasmic
Kwashiorkor 57 4.00 42 79 80
H I M Marasmus 57 3.45 35 76 72
12 F Kwashiorkor 68 7.20 71 91 89
121 F Marasmus 67 5.50 54 90 69
15 F Kwashiorkor 72 7.10 66 73 76
181 M Kwashiorkor 78 7.70 67 95 72
221 F Marasmus 60 3.68 30 71 65
*
M, male; F, fem ale.
-  65 -
Table 3B. The w eights o f  the fo re b ra in , cerebellum  and
b ra in  stem o f  Jamaican m alnourished ch ild re n  
and th e  co n cen tra tio n  o f w ater (g/kg f re sh  
t is s u e )  in  each p a r t
Age
(months) FB*
Brain weight 
CB* BS* TOTAL FB
Water
CB BS
?1 434 36.8 10.2 481.0 856 838 812
8 627 71*8 7*8 706.8 860 853 792
10 713 92.0 12.7 817.7 851 839 802
10 594 72.7 12 ,0 678.7 . 850 837 840
H I 510 72.3 13.2 595.5 856 839 843
12 690 94.1 15.4 799.5 848 854 805
121 666 88.6 12.2 766.8 852 840 795
15 730 92*8 12.3 835.1 803 830 830
181 754 96; 6 12.8 863.4 831 834 734
22 i 519 67.1 10.6 596.7 853 846 821
* FB, F orebrain ; CB, Cerebellum; BS, B rain stem.
Table 4 Composition o f the
stock  d ie t  ( S p i l l e r ’s)
M oisture
O il
P ro te in
F iber
Ash
Calcium 
Phosphorus 
Vitamin A 
Vitamin 
Choline
T otal tocopherol
Thiamin
R iboflav in
N ico tin ic  ac id
Vitamin
F o lic  ac id
Iron
8.5 g
5.1  g
2 1 .1  g
\
2.7 g
5.1 g 
0 .9  g
0 .8  g
11.0 I .U ’s /g  
2.4 I .U ’s /g
520.0 mg/g
24.0 mg/g
4 .0  mg/g
7 .0  mg/g
80.0 mg/g 
0.015 mg/g
0.16 mg/g 
140 p.p.m .
Weight made to  100 g w ith  s ta rc h  from equal 
p roportions o f  maize and wheat.
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FIG. 3 Standard curves fo r  spennine (o o ) ,
speim idine (• and p u tre sc in e  (A A)
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F ig . 5 SCHEMATIC DIAGRAM OF THE SUCCESSIVE STEPS IN 
FRACTIONATING DIFFERENT SUB-CELLULAR PARTICLES
Brain
tis s u e
. o  8g)
pi A
p i b
pi c
large-m yelin
fragments
n u c lea r  f ra c tio n s
c e l l  deb ris
Resuspended 
in  0.32M- 
sucrose,
1 m l/g t is s u e
D ensity  g ra d ie n t 
c e n tr ifu g a tio n  
53,500g, 60 min.
P.. (one washing)
C entrifuge 
Homogenize > Homogenate lOOOg, 10 min.
w ith  4 v o l. 
o f  0.32M-sucrose 
and then d ilu te d  
w ith  0.32M-sucrose
to  make t is s u e  
conc. as 1 0 1 (w/v ) cen trifu g e 13,500g. 20 min,
C entrifuge 1 0 0 , 000g
60 min.
P2 (one washing)
Resuspended 
in  0.32M- 
sucrose 
1 m l/g 
o r ig in a l  
t is s u e
3;microsomes
D ensity  g rad ie n t 
c e n tr ifu g a tio n ; 
53,500g, 60 min.
sm all-m yelin
fragm ents
Synaptosomal
f ra c t io n
M itochondria
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CHAPTER 3
CELLULAR DEVELOPMENT OF THE HUMAN 
FOETAL BRAIN
A. In tro d u c tio n
• The c e l lu la r  development o f the  human b ra in  has been s tu d ied  by 
Winick (1968), Howard e t  a l  (1969), Winick e t  a l  (1970) and Dobbing 
and Sands (1973). These s tu d ie s  were based on the  measurement o f 
DNA, RNA, and p ro te in  con ten t o f  th e  t is s u e .  The amount o f DNA was 
used as a measure o f the  t o t a l  number o f c e l ls  on th e  assumption th a t  
the  amount o f th i s  compound in  a l l  d ip lo id  c e l ls  i s  co n stan t and the  
m ajo rity  o f th e  c e l l s  in  th e  b ra in  are  d ip lo id . The use o f DNA to  
determ ine th e  c e l l  number does n o t d is tin g u ish  between d if f e r e n t  types 
o f c e l ls  e .g .neurones and g l i a l  c e l l s .  I t  i s ,  however, w ell known th a t  
the  most ra p id  phase o f m u ltip lica tio n o f.iieu ro n es  precedes th a t  o f  the  
g l i a l  c e l ls  (Dobbing and Sands, 1973). The protein/DNA r a t io  has been 
used by many workers as a measure o f th e  mean s iz e  o f th e  c e l ls  in  the  
t is s u e .
The main purpose o f th e  p re sen t study o f th e  human b ra in  m a te r ia l 
was to  in v e s tig a te  th e  r a te  o f m atu ra tion  o f the  d if f e r e n t  p a r ts  o f th e
i
b ra in  w ith  rep e c t to  various chemical c o n s titu e n ts . DNA was measured 
in  these  b ra in s  to  o b ta in  th e  approximate values o f those c o n s titu e n ts  
p e r c e l l .
B. R esults
(a) Brain w eight
The fre sh  w eights o f th e  d i f f e r e n t  p a r ts  o f  the  b ra in  a re  given 
in  Fig. 6 . The in c rease  in  th e  weight in  each p a r t  follow ed a sigmoid 
p a tte rn  o f growth w ith  no sharp  c u t-o f f  p o in t in  the  curves fo r  th e  
fo reb ra in  and th e  b ra in  stem. However, the  in crease  in  w eight o f  th e se  
p a r ts  was minimal a f t e r  the  f i r s t  y ea r o f l i f e .  The sigmoid n a tu re  o f 
growth curve was more pronounced in  th e  cerebellum  in  which th e  m ajor
weight in crease  occurred between b i r th  and 10 months o f age. This 
c h a ra c te r is t ic  d iffe ren ce  between th e  growth p a tte rn s  o f the  cerebellum  
and the  r e s t  o f  th e  b ra in  was eq u a lly  conspicuous, when the  values o f  each 
age were expressed as a percen tage o f  those a t  2 years o f age (F ig . 7 ) .
The wet w eights o f a l l  b ra in  regions were lower in  the b ra in s  o f 
malnourished ch ild re n  than  in  c o n tro ls  of s im ila r  ages. (Tables 2B and 3B)
(b) DNA
The concen tra tions and th e  abso lu te  amounts o f DNA, as a measure 
o f c e l lu la r i ty  and to t a l  c e l l  numbers re sp e c tiv e ly , in  the  developing 
human fo e ta l  fo re b ra in , cerebellum  and b ra in  stem are  shown in  F ig. 8 .
In the fo reb ra in  and in  th e  b ra in  stem , th e  concen tra tions o f DNA 
decreased w ith  development. The d ec lin e  in  co n cen tra tio n  occurred a t  
a f a s te r  r a te  in  the  e a r l i e r  p a r t  o f  fo e ta l  l i f e  than l a t e r  (F ig .8a J . The 
concen tra tion  o f DNA in  the  cerebellum , on the  o th e r hand, in c reased  w ith  
age, slow ly a t  f i r s t  and then  more ra p id ly . As expected from th e  w e ig h ts , 
the  abso lu te  amounts o f DNA in c reased  in  each p a r t  o f  th e  b ra in . The 
in crease  in  th e  fo reb ra in  and th e  b ra in  stem was alm ost l in e a r  from 13 
weeks1 g e s ta tio n  t i l l  term , except th a t  in  th e  fo e ta l  fo reb ra in  during  
92-120 days the  t o t a l  amount o f DNA in creased  a t  a r e la t iv e ly  f a s t e r  r a te  
than during th e  l a t e r  p e rio d  o f development (F ig .8b ) .  In  the  cerebellum , 
as expected, th e  abso lu te  amount increased  slow ly u n t i l  28-30 weeks1 
g e s ta tio n , followed by a ra p id .in c re a se  up to  term .
(c) P ro te in
The concen tra tion  and conten t o f  t o t a l  p ro te in  in creased  in  each p a r t  o f  th e  
b ra in  during development (F ig .9 ) .  Again, th e  cerebellum  s ta r te d  to  
grow l a t e r  and had a very ra p id  growth sp u rt a t  th e  end o f th e  g e s ta tio n a l  
p erio d . At b i r th  the  cerebellum  contained  only o n e -f if te e n th  o f  th e  p ro te in
contained by th e  fo re b ra in , whereas the  t o t a l  amount o f DNA was only 
o n e-six th  (F ig. 8) .  The r a t io  o f  p ro te in  to  DNA was th e re fo re  sm alle r 
in  the  cerebellum  than in  the  fo re b ra in  in d ic a tin g  a sm aller mean c e l l  
s iz e .  F ig . 10 shows the  changes in  th e  protein/DNA r a t io  in  the  b ra in  p a r ts  
as a fu n c tio n  o f age. I t  can be seen from .th is  f ig u re  th a t  the  s iz e  o f 
c e l ls  in  th e  cerebellum  d id  n o t in crease  a f t e r  th e  23rd g e s ta tio n a l  week 
u n t i l  th e  tim e o f b i r th ,  w hile in  o th e r p a r t s ,  th e  c e l l  s iz e  in creased  
during th is  p e rio d .
(d) Water
The f a l l  in  th e  percentage o f w ater in  th e  th re e  b ra in  regions 
during g e s ta tio n a l development i s  shown in  F ig . 11. Most o f  th e  f a l l  in  
the  percentage o f w ater occurred during th e  second h a l f  o f  th e  developm ental 
period  s tu d ie d  when accum ulation o f p ro te in s  and DNA was tak in g  p la c e . At 
e a r l i e r  fo e ta l  ages th e  w ater con ten t was h ig h e s t in  th e  cerebellum , b u t 
the  r a te  o f lo ss  o f w ater was r e la t iv e ly  f a s te r  in  th is  b ra in  p a r t ,  
e sp e c ia lly  during the  l a s t  6-7 weeks preceeding  b i r th .  At b i r t h ,  th e  
fo reb ra in  had the  h ig h est w ater c o n ten t, follow ed by th e  cerebellum . The 
percentage o f w ater in  the  b ra in  stem was r a th e r  lower than  in  th e  o th e r 
two p a r ts  and th is  i s  in  p a r t  due to  th e  f a c t  th a t  i t  con tained  a h ig h e r  
co n cen tra tio n  o f l ip id s  .
C. D iscussion
R esults are  only p resen ted  o f the  analyses on the f o e ta l  and new-born 
bab ies . The b ra in s  from the  ’c o n tro l’ and th e  m alnourished c h ild re n  were 
rep o rted  by Winick e t  a l  (1970). The values ob tained  fo r  DNA and p ro te in  
in  the  fo reb ra in s  and the cerebellum s o f  the  new-born bab ies in  th e  p re se n t
study  are  co n sid e rab ly  h ig h er than those  rep o rted  fo r  th e  one new-born 
baby analysed by Winick e t  a l  (1970). However, th e  v a lu es fo r  th e  b ra in  
stem were com parable.
A more ex ten s iv e  s tudy  o f  th e  c e l lu l a r  development o f  th e  human 
b ra in  invo lv ing  139 b ra in  samples, ranging in  age from 10 weeks1 
g e s ta tio n  through to  th e  a d u lt ,  has been rep o rted  by Dobbing and Sands 
(1973). The v a lu es  ob ta ined  in  the  p re se n t study a re  in  good agreement 
w ith  those  o f  Dobbing and Sands. The more ra p id  r a te  o f  DNA accum ulation 
in  th e  fo re b ra in  between 13 and 20 weeks i s  very  s im ila r  in  tim ing to  the  
sp u rt a t t r ib u te d  by Dobbing and Sands to  th e  rap id  m u lt ip l ic a tio n  o f  neuro­
b la s t s .  Consequently , th e  a d u lt neuronal po p u la tio n  in  th e  human fo re b ra in  
i s  alm ost e s ta b lis h e d  by m id -g es ta tio n . Since neuronal and g l i a l  m u ltip lic a tio n s  
are  two consecu tive  p rocesses (P eters and F lexner, 1950), th e  former being 
follow ed by th e  l a t t e r ,  the  in crease  in  DNA a f t e r  18-20 weeks1 g e s ta tio n  i s  
la rg e ly  due to  g l i a l  c e l l  m u ltip lic a tio n . This p ro cess  con tinues fo r  a 
long p e r io d , ex tend ing  up to  3-4 y ears  a f t e r  b i r t h .  One group o f  th e se  
g l i a l  c e l l s ,  th e  o lig o d en d ro g lia , i s  l a id  down around th e  axonal len g th s . 
to  g ive r i s e  to  th e  m yelin sheath  (Bensted e t  a l , 1 9 5 7 ;P e te rs , 1960;
Bunge e t  a l ,  1962).
The c h a r a c te r is t i c  p a t te rn  o f  c e re b e lla r  growth in  th e  human, namely 
i t s  l a t e  s t a r t  b u t e a r ly  f in is h ,  i s  s im ila r  to  th a t  re p o rte d  fo r  o th e r  
sp ec ie s  (D ickerson and Dobbing, 1967a; F ish  and W inick, 1969; Dobbing e t  a l ,
1971). At e a r l i e r  f o e ta l  ages, th e  cerebellum  had c e l l s  th a t  were la r g e r ,  
as measured by protein/DNA r a t io ,  than  in  th e  o th e r  p a r t s ;  b u t subsequen tly , 
w h ils t  in  th e  fo re b ra in  and th e  b ra in  stem th e  c e l l s  were growing b ig g e r , 
those  in  th e  cerebellum  remained alm ost co n stan t in  s iz e .  This in d ic a te s  
th a t  in  the  cerebellum , growth during th e  3rd t r im e s te r  i s  la rg e ly  by 
h y p e rp la s ia  o n ly , w h ils t  bo th  h y p e rp la s ia  and hypertrophy  occur a t  th a t  
tim e in  th e  r e s t  o f  th e  b ra in , Even a t  l a t e r  ag es, when hypertrophy does
occur in  the  cerebellum , the  u ltim a te  s iz e  o f  most o f the  c e l ls  in  th is  
b ra in  reg ion  remains com paratively sm all (Dobbing and Sands, 1973).
S tudies o f th e  human b ra in , as undertaken by Winick e t  a l  (1970) 
and Dobbing and Sands (1973), are  very in p o rt an t in  our understanding  o f 
the  process o f n eu ra l development in  th is  sp ec ie s . I t  i s  th e re fo re  o f 
in te r e s t  to  n o te  th a t  th e re  are  d iffe ren ces  between these  s tu d ie s .  The 
d a ta  o f Winick e t  a l  (1970) suggest p ro li f e r a t io n  to  end by 10-12 months 
o f age, whereas th e  d a ta  o f  Dobbing and Sands (1973) suggest th a t  the  
process does n o t end u n t i l  18-24 months o f age. Winick in  an e a r l i e r  
study (Winick, 1968) rep o rted  th a t  the process ended even e a r l i e r ,  i . e .  by 
5 months a f t e r  b i r th .  Another im portant d iffe ren ce  between th e  two s tu d ie s  
r e la te s  to  th e  r e la t iv e  growth sp u rt o f the  fo reb ra in  and th e  cerebellum . 
Dobbing and Sands (1973) showed th a t  the  cerebellum  a tta in e d  i t s  a d u lt 
number o f  c e l l s  e a r l i e r  than the fo re b ra in , th a t  i s  by 18 months. The 
da ta  rep o rted  by Winick e t  a l  (1970) } however, showed th a t  th e  cerebellum  
had only a s l ig h t ly  f a s t e r  r a te  o f growth than  the  fo re b ra in  and th e  l a t t e r  
a t ta in e d  a growth p la te a u  by c e l l  d iv is io n  e a r l i e r  than th e  form er. Since 
i t  i s  now accepted  th a t  the  e f fe c t  o f  m a ln u tritio n  in  e a r ly  l i f e  would be 
more severe and long la s t in g  in  a reg ion  th a t  grows a t  a more ra p id  r a te  
and a t ta in s  m a tu rity  e a r l i e r  (Dickerson e t  a l ,  1967; F ish  and W inick, 1969; 
Dobbing, 1970), th e  r e s u l ts  o f Dobbing and Sands (1973) would suggest th e  
g re a te r  v u ln e ra b il i ty  o f the  human cerebellum  to  an e a r ly  n u t r i t io n a l  
s t r e s s .  In c o n tr a s t ,  Winick e t  a l  (1970) found almost equal degree o f 
reduction  in  t o t a l  c e l l  number in  th e  fo reb ra in  and th e  cerebellum  o f 
marasmic c h ild re n . However, the  ’c o n tro l’ b ra in  m a te ria l s tu d ie d  by 
Winick e t  a l  (1970) was obtained from h ea lth y  and ap p aren tly  normal Jamaican 
ch ild ren  whereas th e  p o s t-n a ta l  b ra in s  in  th e  Dobbing and Sands s tudy  were 
received  presumably from English c h ild re n  and a d u lts . The s u b je c ts  in  bo th
s tu d ie s  d ied  o f  acc id en ts  o r o f acute i l ln e s s e s  w ith  no apparent 
n eu ropatho log ica l involvem ent. S ince, however, environm ental s tim u la tio n  
promotes b ra in  development and a poor environment in  e a r ly  l i f e  a c ts  l ik e  
m a ln u tritio n  in  reducing c e l lu la r  growth o f th e  b ra in  (Levitsky and Barnes,
1972), th e  d isc rep an c ies  between the  two s tu d ie s  as described  above could 
be due to  a d iffe re n c e  in  th e  magnitude o f environm ental s tim u li  rece iv ed  
by th e  two popu la tions in  th e i r  childhood. I t  would seem th a t  th e  la rg e  
number o f specimens examined in  the  Dobbing and Sands study  would be 
l ik e ly  to  p rovide more r e l ia b le  d a ta  than s tu d ie s  made on fewer sam ples.
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(b) abso lu te  amounts o f  DNA in  th e  human fo e ta l
fo reb ra in  (o o ) , cerebellum  ( • — • )  and b ra in
stem (A A) .
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FIG. 9.
E ffe c t o f  development on the (a) co n cen tra tio n  and
(b) ab so lu te  amounts o f  to ta l  p ro te in  in  th e  human
fo e ta l  fo reb ra in  (o o ) , cerebellum  (•------ ») and
b ra in  stem (A ■ - A)
AA
25
2 . 0 .®
1.0
0.5 L0.2
13 15
G esta tiona l age, weeks
g/
br
ai
n 
st
em
Pr
ot
ei
n/
D
N
A
, 
m
g/
m
g
FIG. 10.
Protein/DNA r a t io  o f the developing human 
fo e ta l  fo re b ra in , cerebellum  and b ra in  stem.
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CHAPTER .4
POLYAMINES AND PUTRESCINE OF THE 
HUMAN BRAIN DURING NORMAL FOETAL 
AND POSTNATAL DEVELOPMENT, AND 
DURING MALNUTRITION IN EARLY LIFE
A. In tro d u c tio n
The polyam ines, sperm idine and speim ine, and th e i r  p recu rso r, 
p u tre sc in e , occur in  th e  mammalian b ra in . The g e n e ra lisa tio n  has 
been made th a t  th e  h ig h e s t concen tra tions o f b ra in  spermine tend  to  
occur in  th e  grey m a tte r , w hile th e  h ig h e s t con cen tra tio n  o f sperm idine 
tend to  occur in  the  w hite m atte r (Shimizu e t  a l , 1964; Kremzner, 1970; 
Kremzner, 1973; H arik and Snyder, 1974; Russell e t  a l ,  1974).
S tudies on th e  b ra in s  o f various lab o ra to ry  animals have shown 
th a t  th e  concen tra tions o f th e  polyamines and p u tre sc in e  change during  
development. Thus, in  th e  r a t  and mouse b ra in  (Shimizu e t  a l , 1965;
Pearce and Schanberg, 1969; S e i le r  and Lamberty, 1975), th e  co n cen tra tio n  
o f sperm idine r is e s  to  a maximum during th e  f i r s t  week o f p o s tn a ta l l i f e  
and then g radually  decreases. In  th e  o c c ip i ta l  lobe o f th e  Phesus monkey, 
the  speim idine concen tra tion  remains f a i r l y  co n stan t during g e s ta tio n , 
and in creases  slowly between b i r th  and m a tu rity  (Sturman and G au ll, 1975). 
The co n cen tra tion  o f p u tre sc in e  is  very  high  in  the  b ra in  o f th e  fo e tu s  
and ra p id ly  f a l l s  to  a d u lt le v e ls  a f t e r  b i r th  (S e ile r  and Lamberty, 1975; 
Sturman and G aull, 1975). L i t t l e  change takes p la c e , however, in  th e  
concen tra tion  o f spermine during the  development o f r a t ,  mouse, gu inea-p ig  
o r monkey b ra in  (Shimizu e t  a l , 1965; Kremzner, 1970; S e ile r  and Lamberty, 
1975; Sturman and G aull, 1975).
There appears to  be l i t t l e  inform ation  about the  changes in  th e  
concen tra tion  o f polyamines and p u tre sc in e  during  th e  development o f th e  
human b ra in . While in v e s tig a tin g  th e  b io sy n th es is  o f th e  amines in  th e  
human b ra in  u sing  samples from foetus in  th e  th i r d  tr im e s te r  o f  pregnancy 
and from a d u lts ,  Sturman and Gaull (1974) found a much h ig h er co n ce n tra tio n  
o f p u tre sc in e  and a s l ig h t ly  h igher co n cen tra tio n  o f  spermine in  fo e tu s  
than  in  a d u lt. The co n cen tra tion  o f  sperm idine was s im ila r  in  f o e ta l  and
a d u lt b ra in .
The p re sen t chap ter p resen ts  th e  r e s u l ts  o f s tu d ie s  o f the  p ro f i le  
o f th e  polyamines and p u tre sc in e  in  d i f f e r e n t  anatom ical regions o f th e  
human b ra in  during fo e ta l  and e a rly  p o s tn a ta l l i f e .  Values are  a lso  
p resen ted  fo r  th e  b ra in s  o f  malnourished ch ild re n .
B. R esu lts
F ig . 12 shows th e  concen tra tions o f p u tre sc in e  in  th e  fo re b ra in , 
cerebellum  and b ra in  stem a t  various ages. In  the  fo re b ra in , the  
co n cen tra tio n  appeared to  r i s e  sh arp ly  between 13 and 20 weeks* g e s ta tio n . 
I t  then  remained f a i r ly  constan t u n t i l  about th e  35th week when i t  began 
to  r i s e  slow ly to  reach a peak value a t  about th e  40th week. A fte r  
b i r th  the  concen tra tions f e l l .  In  th e  cerebellum , th e
co n cen tra tions rose i n i t i a l l y  ra th e r  more slow ly than in  the  fo re b ra in , 
b u t again  th e  peak concen tra tion  was reached a t  about f u l l  term  and f e l l  
g rad u a lly  during p o s tn a ta l l i f e .  In  th e  b ra in  stem , th e  p a tte rn  was 
somewhat d i f f e r e n t .  At 13 weeks g e s ta tio n , th i s  p a r t  o f  th e  b ra in  
con ta ined  a h igher concen tra tion  o f p u tre sc in e  than  e i th e r  th e  fo re b ra in  
o r th e  cerebellum . This high co n cen tra tio n  was m aintained u n t i l  about 
th e  25th week, and then decreased s te a d ily  to  about 501 o f i t s  i n i t i a l  
value by th e  end o f g e s ta tio n . During th e  f i r s t  y ear o f p o s tn a ta l l i f e ,  
th e  co n cen tra tio n  ro se  to  le v e ls  h ig h er than  those during g e s ta tio n , 
bu t during th e  second year th e  co n cen tra tio n  f e l l  again to  values s im ila r  
to  those a t  b i r th .
In  ch ild re n  malnourished during th e  f i r s t  y ea r o f p o s tn a ta l  l i f e ,  th e  
co n cen tra tio n  o f p u tre sc in e  in  th e  fo re b ra in  and b ra in  stem was 
lower than th a t  in  ’c o n tro ls ' o f s im ila r  age (p < *05).
The sm all changes w ith  age in  the  co n cen tra tio n  of spermine (Fig 13 ) 
were s im ila r  to  those o f sperm idine (Fig 14 ) in  th e  fo re b ra in  and
cerebellum . In th e  b ra in  stem , th e  co n cen tra tio n  o f both polyamines 
was f a i r l y  co n stan t during e a r ly  g e s ta tio n , b u t the  co n cen tra tio n  o f 
sperm idine began to  r i s e  a t  the  same time as th a t  o f p u tre sc in e  began 
to  f a l l  a f t e r  b i r th .  The co n cen tra tio n  o f spermine f e l l  s te a d ily  over 
the  f i r s t  two y e a rs , whereas th a t  o f  sperm idine appeared to  remain a t  
the  le v e l reached a t  b i r th .
In th e  m alnourished c h ild re n , th e  co n cen tra tio n  o f spermine in  each 
p a r t  o f  th e  b ra in ,  and th e  co n cen tra tio n  o f sperm idine in  th e  cerebellum , 
were s im ila r  to  those in  the  ’c o n tro l1 c h ild re n , whereas th e  concen tra tion  
o f sperm idine in  th e  fo reb ra in  and b ra in  stem , l ik e  th a t  o f p u tre sc in e , 
was lower (p< : .05) than  in  c o n tro l c h ild re n  o f  s im ila r  ages.
The ab so lu te  amount o f  p u tre sc in e  in  each p a r t  o f  th e  b ra in  (F ig .15) 
rose to  a maximum value by about 12 months a f t e r  b i r th .  In th e  fo reb ra in  
and cerebellum , th is  value remained p r a c t ic a l ly  co n s tan t through to  24 
months, whereas in  the  b ra in  stem th e  values a t  24 and 26 months were 
lower than  the  peak va lue . The amounts o f p u tre sc in e  in  th e  fo re b ra in  
and b ra in  stem o f th e  m alnourished ch ild re n  were lower (p.< .0 1 ) than  those o f  
co n tro ls  o f  s im ila r  age.
The abso lu te  amounts o f spermine (F ig . 16) and sperm idine (F ig . 17.) in  
the  th re e  p a r ts  o f th e  b ra in  follow ed a s im ila r  p a t te rn  to  those  o f 
p u tre sc in e . In th e  m alnourished c h ild re n , th e  amounts o f spermine tended to  be 
lower than in  co n tro ls  o f  s im ila r  ages in  the  fo reb ra in  and b ra in  stem , 
whereas th e  values fo r  sperm idine were lower (p<.0 1 ) in  each p a r t  o f  the  
b ra in , although the  la rg e s t  d e f ic ie n c ie s  were in  th e  fo re b ra in .
The sperm idine:sperm ine r a t io  decreased slow ly in  the 
fo reb ra in  during  g e s ta tio n  (F ig . 18), and th en  in creased  again  a f t e r  b i r t h .
In  the cerebellum  th e  r a t io  ro se  slow ly u n t i l  th e  30th week o f g e s ta tio n ,
and then  re tu rn ed  to  i t s  i n i t i a l  value by 9 months a f t e r  b i r th .
T h e reafte r i t  tended to  increase  again. In  th e  b ra in  stem th e  r a t io  
increased  s te a d ily  u n t i l  about 15 months a f t e r  b i r t h ,  and then  
remained co n sta n t. In none o f the  b ra in  areas was the  sperm idine:sperm ine 
r a t io  a f fe c te d  by m a ln u tritio n .
C. D iscussion
As in  th e  b ra in s  o f o th er mammals, th e  concen tra tions o f  the  
polyamines and p u tre sc in e  were found to  vary in  the  human b ra in  during  
fo e ta l  and e a r ly  p o s tn a ta l development. The changes in  th e  amine 
concen tra tions v a ried  in  d if f e re n t  regions o f  the  b ra in , and th e  changes 
were most marked in  th e  brainstem . The co n cen tra tio n  o f p u tre sc in e  
v a ried  more than  th e  concen tra tions of th e  polyam ines, and was considerab ly  
g re a te r  than th e  concen tra tions o f th e  polyam ines. This h igh  co n cen tra tio n  
of p u tre sc in e  in  f o e ta l  b ra in  has been rep o rted  p rev io u sly  in  man and the  
r a t  (Sturman and G aull, 1974; S e i le r  and Lamberty, 1975), and i s  unusual 
because in  th e  m a jo rity  o f  t is s u e s  i t  i s  much lower than  th a t  o f  th e  
polyamines (Bachrach, 1973).
The a c t iv i ty  o f  th e  enzyme which forms p u tre sc in e , o rn ith in e  
decarboxylase (EC 4 .1 .1 .1 7 ) , i s  high in  the  b ra in s  o f both  r a t  and human 
foetuses (Anderson and Schanberg, 1972; Sturman and G aull, 1974), b u t th e  
a c t iv i ty  o f one o f  th e  enzymes th a t  forms th e  polyam ines, S-adenosylm ethionine 
decarboxylase (EC 4 .1 .1 .5 0 ) , does n o t in crease  u n t i l  10 days a f t e r  b i r t h  
in  the  r a t  b ra in  (Schmidt and Cantoni, 1973). This suggests th a t  p u tre sc in e  
in  th e  b ra in  can be m etabolised v ia  a d i f f e r e n t  pathway to  th a t  invo lv ing  
polyamine b io sy th e s is .  P u tresc ine  can be o x id ised  by diamine oxidase 
(EC 1 .4 .3 .6) (Tabor and Tabor, 1972), bu t the  a c t iv i ty  o f  th i s  enzyme is  
very low in  the  mammalian b ra in  (Burkard e t  a l ,  1963). I t  i s  more l ik e ly  
th a t  p u tre sc in e  is  m etabolised along a re c e n tly  e lu c id a ted  pathway th a t
involves th e  i n i t i a l  a c e ty l a t  ion of p u tre sc in e  by an acetyl-coenzyme 
A-dependent p u tre sc in e  N -ace ty ltran sfe ra se  to  monoacetyl p u tre sc in e , 
followed by o x id a tio n  ca ta ly sed  by monoamine oxidase (EC 1 .4 .3 .4 )
(S e ile r  and A l-T herib , 1974). P u tresc in e  th a t  i s  m etabolised along th is  
pathway i s  ev en tu a lly  inco rpo ra ted  in to  y-am inobutyric ac id  (S e ile r  and 
A l-T herib , 1974). Evidence th a t  p u tre sc in e  i s  m etabolised in  th is  way in  
the immature b ra in  comes from the fin d in g  th a t  the  a c t iv i ty  o f  p u tre sc in e  
N -acety l t ra n s fe ra s e  i s  much h igher in  the b ra in s  o f immature r a t s  than 
mature r a ts  (S e ile r  e t  a l ,  1975).
The polyamines and p u tre sc in e  p a r t ic ip a te  in  many o f th e  processes 
necessary  fo r  n u c le ic  ac id  and p ro te in  s y n th e s is , a c tin g  as o rganic ca tio n s  
by s ta b i l i s in g  th e  macromolecules and c e l l  o rganellae  invo lved , and 
augmenting th e  ino rgan ic  c a tio n  requirem ents o f the  enzymes involved 
(Moruzzi e t  a l , 1968; Raina and Janne, 1970; Khawaja, 1971; Chiu and Sung,
1972; Gibson and H a r r is , 1974). The r is e s  in  the co n cen tra tio n  o f  . 
sperm idine th a t  were found p r io r  to  b i r th  in  the  cerebellum  and b ra in  stem , 
and p e r in a ta l ly  in  th e  fo re b ra in , correspond to  a perio d  o f rap id  ENA 
re p lic a t io n  and in c rease  in  c e l l  number (Dobbing and Sands, 1973) . The 
con cen tra tio n  o f p u tre sc in e  in  the  fo reb ra in  and cerebellum  a lso  reached 
i t s  peak p e r in a ta l ly .  The marked in crease  in  the  co n cen tra tio n  o f p u tre sc in e  
in  th e  fo re b ra in  between 13 and 20 weeks o f g e s ta tio n  corresponds w ith  th e  
period  o f n eu ro b la s t m u ltip lic a tio n  in  the  b ra in  (Dobbing and Sands ,1970b, 1973) 
Whether p u tre sc in e  i s  involved in  n u c le ic  ac id  sy n th es is  a t  th i s  tim e, or 
whether i t  i s  converted  to  y-am inobutyric a c id , i s  unknown, b u t i t  may be 
s ig n if ic a n t  th a t  th e  con cen tra tio n  o f the  gang lioside  a ^s 0  in c **63565  
in  the  fo re b ra in  a t  th is  time (Chapter 7 ) , as bo th  y-am inobutyric ac id  
and the g an g lio sid e  are  a sso c ia ted  w ith  neurones (M uller and Langemann,
1962; Lowden and Wolfe, 1964).
The la rg e  in c rease  in  th e  co n cen tra tio n  o f p u tre sc in e  in  th e  
b ra in .s tem  a f t e r  b i r t h ,  and th e  sm aller increase  in  the co n cen tra tio n  
of sperm idine, do n o t correspond w ith  any s ig n if ic a n t  c e l lu la r  changes. 
However, a t  th i s  tim e th e  r a te  o f m yelination  in  the  b ra in  stem i s  h igh  
(Yakovlqv and Lecours, 1967). There a re  no re p o rts  of th e  polyamines or 
p u tre sc in e  a f fe c t in g  m yelination , bu t the  ad m in is tra tio n  o f  t r i t i a t e d  
p u tre sc in e  r e s u l t s  in  a marked la b e ll in g  o f th e  m yelin sh ea th  o f  p e r ip h e ra l 
nerves (F isch er e t  a l , 1972). F u rth e r, in  quaking and jimpy mouse m utants, 
which s u f fe r  d e f ic ie n c ie s  o f  m yelination , th e re  are v a r ia t io n s  in  polyamine 
syn th esis  in  th e  b r a in ,  p a r t ic u la r ly  in  the  b ra in  stem and s p in a l  cord 
(R ussell and M eier, 1975) .
P o s tn a ta l m a ln u tr itio n  re su lte d  in  reductions in  the  co n cen tra tio n s  o f 
sperm idine and p u tre sc in e  in  the  fo re b ra in  and b ra in  stem , whereas th e  
con cen tra tio n  o f spermine was u n affec ted . In th e  cerebellum  th e re  was no 
e f fe c t  on any o f  th e  amines. P o s tn a ta l u n d e m u tritio n  o f  r a t s  r e s u l t s  in  
reductions in  th e  a c t iv i t i e s  o f h e p a tic  po lyam ine-syn thesising  enzymes 
(McAnulty and W illiam s, 1975a,b), and l ik e  th e  b ra in  in  th i s  s tu d y , th e  
concen tra tions o f h e p a tic  sperm idine and p u tre sc in e  are  reduced, w h ils t  
spermine remains normal o r s l ig h t ly  above normal (P. A. McAnulty and 
J.P .G . W illiam s, in  p re p a ra tio n ) . This suggests th a t  during  m a ln u tr it io n  
th ere  i s  a r e la t iv e  sp a rin g  o f  t is s u e  speimine co n cen tra tio n s  a t  th e  
expense o f  sperm idine and p u tre sc in e . P o s tn a ta l m a ln u tr itio n  o f  c h ild re n  
a lso  r e s u l t s  in  lower amounts o f n u c le ic  acids (Winick e t  a l ,  1970) , and 
in  c h o le s te ro l, an in d ic a to r  o f th e  degree o f m yelination  (Rosso e t  a l ,
1970) in  th e  b ra in  reg ions examined. Whether th e se  changes in  n u c le ic  
acids and c h o le s te ro l are  r e la te d  to  the  changes in  polyamines and 
p u tre sc in e  remains to  be e lu c id a ted .
o
CO
LO
O
CO
bO
<N -+->
O  Qj <M
O O OO OOO
CO
OO oo
CD
OOoo
<J<
O O O O 
CO
o
o
u re jq a a o ^  um noqaJQ O  uia^s u in jg
(anssp. ui'Bjq S/sa^om u) auiase-png F
IG
. 
12
. 
Ef
fe
ct
 
of 
pr
e-
 
and
 
po
st
na
ta
l 
de
ve
lo
pm
en
t 
and
 
of 
po
st
na
ta
l 
m
al
nu
tr
iti
on
 
on 
the
 
co
nc
en
tr
at
io
n 
of
pu
tr
es
ci
ne
 
in 
the
 
hu
ma
n 
fo
re
br
ai
n,
 
ce
re
be
llu
m
 
and
 
br
ai
n 
st
em
. 
C
on
tr
ol
, 
op
en
 
sy
m
bo
ls
; 
m
al
no
ur
is
he
d,
 
cl
os
ed
 
sy
m
bo
ls
. 
~ 
~
20
0 o o oo 1-0oin
<
<
< -
oo oo oo
oo
toCM
O
CM
uo
to
□
oo
CM
o o in o oin
ui'Bjq9J[0li  uinxx9q9«i90 u ia js  u r e jg
( anssix  u r a iq  S /saxora  u ) a u iu u a d g
wrCj
Iso
a
CDbJDctJ
"8
£COo
PM
o
inco
o
CO
in
CM
o
CM
in
m
CD0
£
•N
0faJDccJ
i— Ia}
-tS
g
0?-iPM
FI
G.
 1
3.
 
Ef
fe
ct
 
of 
pr
e-
 
and
 
po
st
na
ta
l 
de
ve
lo
pm
en
t 
an
d 
of 
po
st
na
ta
l 
m
al
nu
tr
iti
on
 
on 
the
 
co
nc
en
tr
at
io
n 
of 
sp
er
m
in
e 
in 
the
 
hu
ma
n 
fo
re
br
ai
n,
 
ce
re
be
llu
m
 
an
d 
br
ai
n 
ste
m
. 
Sy
m
bo
ls,
 
as 
in 
Fi
g.
 1
2*
"*
o oo oo o oo o
" 1  CO
m
CM
O
r-i
OrH
in
o
in
co
o
CO
in
CM
o
CM
oo o oo
o
CM
in in oco oCM
O o
CO
o
CM
03
X
*£o
a
CD
bJD
cd
75
$
03O
PM
03
M
0
CD
£
0bn
cd
mo
Pio
•H
P
cd
P
P
Pi<DU
PiOu
0
XP
Pi
o
Pio•H
P•H
b
§
75
s
CM
boH
P h
rt
■rH
03
Cd
03 i—IO
(03
cdp
cd
5
03Oft
mo
XJ
p
rt0
1rH
s>
0xl
cdp
8p
03OPM
sp
03
£•rH
2
X
X>
I—I 
0 X  
0 p 
0 u
£H
cd
P
13
p
u r e jq a jo ^  rannaqs-iQO ra a js  u r e jg
( an ssi}  u r e jq  § /  sa io ra  u )  a in p iu ija d g
cd nd
Id £
£
0  l
P  0
CL, P^  ft
mo
pL)
0mmw
ui—i
P-,
0xp
5=1•H
0
Pi■H
Ixl■H
0f t
03
o o
oo oo o o o ooo oo
CO
oin o oco oCM CO CM
CO
O
CM
O
tH
in
o
in
co
o
co
o
CM
in
inin ooo
CM
ure.iqa.10^ u in n a q a ja o u i0}s u r e j g
( ;j“Bd uiBJq/saioui r l ) auiosaj^nj
p
0
p
§
0
p
3 •
r—( CNJ
O iH
to •
O bo
cd •rH
P
0
B
P
•H
pj to
0 cd
£ to
0 i—1
•H 0
P 0
•H E
i-t
P CO
3
p}
r—1 •
cd E
E 0
p
r—1 to
cd
P G
cd •rH
a cd
p Pi
tO 0
0
p . n d
p TO
0
■ o 3
a rH
ro i—10
p O
£ 0
0 Pi
E 0
P . u
0
r—10 Pi
> •H0 cd
n d
O
X—1 0
cd U
p O
cd P
B P
to
0 g
p O
P i
n d 0
c3 ,0
p
1
0 c
P •H
P 0
P P
0 •H
O
p CO
O 0
0
P P
P P
w P
•
LO
I—1
1—1p
10
0
000
oo oo o LO oo
OO CO ^  CM CM
CO
inCM
4-»
o
o
in
CO
O
CO
o
CM
in
in ooo
u r e j q a j o j  u m x io q o jao
(x.i'BCi uinjq/saiom r l ) auiuijodg
CM CM rH t —I O
uia s^ urejg
FI
G
. 
16
. 
Ef
fe
ct
 
of 
pr
e-
 
and
 
po
st
na
ta
l 
de
ve
lo
pm
en
t 
an
d 
of 
po
st
na
ta
l 
m
al
nu
tr
iti
on
 
on 
the
 
ab
so
lu
te
 
am
ou
nt 
of
 
sp
er
m
in
e 
in 
the
 
hu
ma
n 
fo
re
br
ai
n,
 
ce
re
be
llu
m
 
and
 
br
ai
n 
st
em
. 
Sy
m
bo
ls 
as 
in 
Fi
g.
 
12
12
5
-  bO -
O
<
i n oo
tHinC din o ocsjoo
co
o
Cd
in
o
in
co
o
co
in
Cd
o
Cd
in
<4H
O
CO
X
"Soa
0 )
bX)
cd
r~H
cd
CO
O
PM
CO
X
CD
CD
£
oT
bJDcd
r -H
cd
(DU
fit
CL)
3
rHo
to
■a
<D
5
po
Pi0
•rH
-M
•H
1 
i
cvj
bo
H
P h
Cl
■rH
to
cd
to
CO
cd
■Mcd
too
P
mo
§
+->
to
P
•H
cd
prQ
x )
u r u j q e j o j  u m n a q a ja Q  u i a j s u r e j g
( ^j'Bd u r e j q / s 8 io u ir / ) au ip im jadg;
■p
5
6  o
rH
s>
<D
T )
cd
■p
cd
to
0  
P
hD
§
1
CDf-H
p
MH
O
4->
O
0m4H
W
rH
CD
HPh
<3
L OLO
o oLO oo L O oo
o
CO
LO
Cd
T3
o
Cd
m
X i
■BO
2  a
CD
bJD
ctf
r—i
O t j  
^  c
- Mwo
PM
LO
o
LO
co m
CD
CD
£
o
CO CD
bfl
cd
£  p H
N  cd
1
CDU
O P-l
Cd
LO
t—I
d  Cd rH  rH  O r H  , r H  CD
urejqojoj uinxxaqsjoo 11101s utbjq
oi^j 0uiuiJ0dg/0uipiuij0ds FI
G.
 
18
. 
Th
e 
sp
ei
m
id
in
e:
sp
er
m
in
e 
ra
tio
 
of 
the
 
hu
ma
n 
fo
re
br
ai
n,
 
ce
re
be
llu
m
 
an
d 
br
ai
n 
ste
m 
du
rin
g 
pr
e-
 
po
st
na
ta
l 
de
ve
lo
pm
en
t 
an
d 
du
rin
g 
po
st
na
ta
l 
m
al
nu
tr
it
io
n.
 
Sy
m
bo
ls 
as 
in 
Fi
g.
 
12
.
-  97 -
CHAPTER 5
EFFECT 6 f  DEVELOPMENT BEFORE 
AND AFTER BIRTH, AND OF MALNUTRITION 
AFTER BIRTH, ON THE CONTENT AND 
COMPOSITION OF CHOLESTEROL ESTERS 
OF THE HTMAN BRAIN
A. In troduction
I t  i s  now w ell documented th a t  a sm all percen tage o f th e  t o t a l  
ch o le s te ro l in  nervous t is s u e  i s  p re se n t in  an e s te r i f i e d  form during th e  
ea rly  s tag e  o f development and th a t  th e  concen tra tion  o f  th is  e s te r i f i e d  
c h o le s te ro l decreases w ith  age (Johnson e t  a l ,  1949; P r itc h a rd , 1963; 
Svennerholm, 1964; Davison, 1965; G ra fn e tte r  e t  a l ,  1965; Clarenburg e t  a l,1966 ; 
A ilin g  and Svennerholm, 1969; Eto and Suzuki, 1972). However, a t r a n s ie n t  
in crease  in  the c h o le s te ro l e s te r s  occurs a t  th e  tim e o f  onset o f  m yelination  
(Adams and Davison, 1959; Fumagalli and P a o le t t i ,  1963; Davison, 1965;
Clarenburg e t  a l , 1966; Eto and Suzuki, 1972). This t ra n s ie n t  in c rease  in  
c h o le s te ro l e s te rs  a t  the beginning o f m yelina tion , and the  abnormally high 
concentrations in  dem yelinating d iso rd ers  (Davison and Wajda, 1962), has 
led  to  the suggestion  th a t  c h o le s te ro l e s te r s  a re  in  some way r e la te d  to  
m yelination.
Most o f the  developmental s tu d ie s  o f b ra in  c h o le s te ro l e s te rs  so f a r  
rep o rted  were c a r r ie d  out in  the r a t  (P ritc h a rd , 1963; Eto and Suzuki, 1972), 
ra b b it  (Clarenburg e t  a l ,  1963) and the  chicken (Adams and Davison, 1959; 
G ra fn e tte r e t  a l ,  1965), and th e re  i s  only a sm all amount o f inform ation  
about the human b ra in  (Adams and Davison, 1959; Tichy, 1966, 1967; A ilin g  
and Svennerholm, 1969). The p re se n t study was undertaken to  p rovide more 
inform ation about th is  aspect o f  development in  th re e  gross p a r ts  o f  the  
normal human b ra in  and the  e f fe c ts  o f  m a ln u tritio n  in  ea rly  p o s tn a ta l l i f e  
on thes e .cons t i  tu e n ts .
B. R esults
(a) Levels o f c h o le s te ro l e s te rs
In each b ra in  reg ion , the  c h o le s te ro l e s te r  r a t io  (e s te rs  as % o f  t o t a l  
ch o le s te ro l)  (F ig .19) o r th e  concen tra tion  (yg/g fre sh  tis su e ) ' (F ig .20) was 
h ig h e s t a t  13 weeks* g e s ta tio n , and subsequently  f e l l  u n t i l  the  26th month
o f age. At e a rly  fo e ta l  ages, th e  b ra in  stem  had lower values o f c h o le s te ro l 
e s te rs  than e i th e r  th e  fo re b ra in  o r the cerebellum ; during l a t e r  ages, i t s  
values were, however, comparable to  those in  o th e r p a r ts .  There was a 
t r a n s ie n t  r is e  in  the  r a t io  and, more pronouncedly, in  the  concen tra tion  a t  
about b i r th  in  the  fo reb ra in  and during 1 -6  months a f te r  b i r th  in  the 
cerebellum . A s im ila r  t r a n s ie n t  in c rease  in  the b ra in  stem 2-3 weeks befo re  
b i r th  was a lso  found when th e  re s u l ts  were expressed as p e r  DNA (F ig. 21).
The abso lu te  amount o f  c h o le s te ro l e s te rs  p e r  whole fo reb ra in  (F ig .22) slow ly 
in creased  u n t i l  the 35th week o f  g e s ta tio n , follow ed by a t r a n s ie n t  r i s e  
between b i r th  and 10 months o f  age, w ith  a peak a t  about 6 months. At the  
end o f th is  t r a n s ie n t  p e r io d , th e re  was a slow b u t steady  r i s e  u n t i l  th e  
age o f  26 months. In the  cerebellum  (Fig. 22), the  to ta l  amount o f  the  e s te rs  
rose to  a peak between 9 and 18 months a f t e r  b i r th  and then slow ly f e l l .
In the b ra in  stem (Fig. 22), on the  o th e r  hand, th e re  was a s teady  r i s e  
u n t i l  th e  26th month.
The fo reb ra in  o f  th e  foetus w ith  IUGR had 12.11 o f t o t a l  c h o le s te ro l 
in  the  e s te r i f i e d  form (Table 5 ) .  The to ta l  amount was a lso  se v e ra l tim es 
h ig h er than expected fo r  age, d e sp ite  th e  low fo reb ra in  w eight. The o th e r  
p a r ts  o f  the b ra in  o f  th is  foe tus which had normal w eights a lso  showed a 
tendency to  have an e lev a ted  le v e l o f  c h o le s te ro l e s te rs  (Table 5 ) .
In the  b ra in s  o f th e  m alnourished ch ild re n  th e  c h o le s te ro l e s te r s  had 
a much h ig h er le v e l than was found in  th e  b ra in s  o f the  ’c o n tro l1 c h ild re n , 
i r re s p e c tiv e  o f age. The e s te r  r a t io s  were in  some cases 10-fo ld  h ig h e r  
(F ig. 19), and so were the  co n cen tra tions and the t o ta l  amounts (Table 6 ) .
(b) F a tty  ac id  composition o f  c h o le s te ro l e s te rs
The major f a t ty  acids o f  th e  c h o le s te ro l e s te rs  in  each p a r t  o f  th e
C Cdeveloping human b ra in  were p a lm itic  ( 1 6 :0 ), p a lm ito le ic  ( 1 6 :1 ), s t e a r i c
(^18:0) and o leicC ^18:l) ac id  , b u t lin o le ic (^ 1 8 :2 )  and arach idon ic(^20 :4 )
ac id  a lso  made a considerab le  c o n tr ib u tio n  to  th e  to t a l  f a t ty  acids 
(Tables 7 to  9 ) .  There were some age-dependent changes in  th e  percen tage 
c o n tr ib u tio n  o f  th e  d if f e re n t  f a t ty  a c id s . Thus, in  the fo re b ra in  during 
e a rly  fo e ta l  ages, p a lm itic  and o le ic  ac id  to g e th e r  c o n s titu te d  about 70% 
o f th e  t o t a l  f a t ty  a c id s . Both th ese  f a t ty  ac id s then g rad u a lly  decreased 
to  about 54-57% a t  term and fu r th e r  to  45-47% a t  2 years o f  age. A f te r  a 
s l ig h t  r i s e  during th e  fo e ta l  p e rio d , the  p ro p o rtio n  o f  s t e a r i c  a c id  a lso  
s te a d ily  f e l l  a f t e r  b i r th .  The p ro p o rtio n s  o f  l in o le ic  and arach idon ic  
ac id , on th e  o th e r  hand, rose w ith  age, and th i s  r i s e  in  th e  l a t t e r  was 
p a r t ic u la r ly  marked during the  9-26 month p e rio d . Thus, a t  26 months o f  
age, arach idon ic  a c id  c o n s titu te d  about 25% o f  th e  to t a l  f a t ty  ac ids 
compared w ith  le s s  than  10% a t  6-9 months. I t s  p ro p o rtio n  was even le s s  
during e a r ly  fo e ta l  l i f e .  The p ro p o rtio n  o f  p a lm ito le ic  a c id  remained 
f a i r l y  unchanged throughout the  developmental p e rio d  examined.
There were sm all d iffe ren ces  between th e  d if f e r e n t  p a r ts  o f  th e  b ra in  
w ith  reg ard  to  th e  f a t ty  a c id  com position o f  c h o le s te ro l e s te r s .  In  
g en era l, th e  percentage p roportions o f  p a lm itic  and o le ic  ac id  were 
lower and those o f  palm itoleic.. and arach idon ic  acid  h ig h e r, in  th e  
cerebellum  than  in  the  b ra in  stem, and the  fo re b ra in  seemed to  have i n t e r ­
m ediate v a lu es .
The f a t ty  ac ids o f  c h o le s te ro l e s te r s  in  th e  b ra in  o f  th e  fo e tu s  w ith  
IUGR contained  a h igher p ro p o rtio n  o f  o le ic  a c id  and a lower p ro p o rtio n  o f  
s te a r ic  a c id  than in  normals o f  about th e  same age and th is  was found in  
each p a r t  o f  the b ra in  (Tables 7A to  9A ) .  The f a t ty  a c id  p a t te rn  o f  
b ra in  c h o le s te ro l e s te rs  o f  the  m alnourished c h ild re n  (Tables 7B to  
9B) a lso  d if fe re d  from th a t  o f  the  ’c o n t r o ls '.  The p ro p o rtio n s  o f  p a lm it ic ,  
s te a r ic  and o le ic  ac id  were h ig h er and those  o f  l in o le ic  and a rach id o n ic  
ac id  lower in  th ese  b ra in s  as compared to  those in  age-matched c o n tro ls .  
These changes were observed in  each reg io n  o f th e  b ra in .
C. D iscussion
Several column chromatographic methods have been developed fo r  the  
i s o la t io n  from th e  nervous t is s u e  o f  th e  sm all q u a n i t i t ie s  o f  c h o le s te ro l 
e s te rs  th a t  occur w ith  the  f re e  c h o le s te ro l (Adams and Davison, 1959;
Homing e t  a l ,  1960; A ilin g  and Svennerholm, 1969; Eto and Suzuki, 1972). In  
th ese  p rocedures, th e  c h o le s te ro l e s te rs  were f i r s t  sep a ra ted  from o th e r  
l ip id s  by running the  to t a l  l i p id  e x tr a c t  through a column o f  s i l i c i c  a c id  
o r alumina and then  p u r if ie d  by T.L.C. In  the  p re se n t method, c h o le s te ro l 
e s te rs  were i s o la te d  from fre e  c h o le s te ro l and o th e r  l ip id s  by d i r e c t  T.L.C. 
The l ip id s  e x tra c te d  from the  re sp e c tiv e  bands on the  p la te  were fu r th e r  
p u r if ie d  by T.L.C. Recovery during T.L.C. was s e p a ra te ly  determ ined fo r  
c h o le s te ro l, c h o le s te ro l s te a ra te  and c h o le s te ro l o le a te ,  using  vary ing  
amounts o f  each o f  them. C ho lestero l o le a te  added to  b ra in  samples p r io r  
to  e x tra c tio n  was recovered to  alm ost th e  same degree as during T.L.C. 
in d ic a tin g  th a t  alm ost a l l  o f  i t  was e x tra c te d  by chlorofoim -methanol 
(2:1 v/v ,  and then  1:2 V/v ) .  When co rrec ted  fo r  the  recovery , the  values 
ob ta ined  fo r  c h o le s te ro l and c h o le s te ro l e s te rs  in  a given b ra in  sample 
agreed w ell w ith  th e  t o t a l  c h o le s te ro l value ob ta ined  in  th e  o r ig in a l  
t o t a l - l i p i d  e x tr a c t .  Thus, th e  use o f  T.L.C. procedures f o r  th e  se p a ra tio n , 
p u r if ic a t io n  and recovery o f c h o le s te ro l and c h o le s te ro l e s te r s  appear to  
be a r e l ia b le  technique fo r  th e  study o f  th e  sm all amounts o f  c h o le s te ro l 
e s te rs  o f  th e  b ra in .
As expected, c h o le s te ro l e s te rs  accounted fo r  only 0 .2  to  0.5% o f  t o t a l  
c h o le s te ro l in  the  b ra in  o f  the 'c o n tr o l ' in fa n ts  aged over 8 months. The 
le v e ls  were many tim es h ig h er in  each reg ion  o f  the  b ra in  a t  th e  e a r ly  
days o f  fo e ta l  l i f e .  The lower le v e ls  in  the  b ra in  stem as compared to  
those in  o th e r  p a r ts  was su rp r is in g , s in ce  the  previous s tu d ie s  (Johnson 
e t  a l , 1949; A ilin g  and Svennerholm, 1969) have shown th a t  th e  co n cen tra tio n  
o f  c h o le s te ro l e s te r s  in  th e  w hite m a tte r  o f  the  cerebrum was h ig h e r  than
th a t  in  th e  grey m a tte r . S im ila r d iffe ren ces  between th e  w hite  m a tte r  
and the  b ra in  stem w ere, however, a lso  found w ith  re sp ec t to  the gang lio side  
p a tte rn  (Chapters 7 and 8) .
The steady  f a l l  in  th e  concen tra tion  o f the c h o le s te ro l e s te r s  and 
the steady  r is e  in  th e  t o t a l  amount in  the whole p a r t  o f  th e  b ra in  were 
presumably the  e f fe c ts  o f  g en era l growth o f  th e  b ra in . The t r a n s ie n t  r i s e  
in  the co n cen tra tio n  o f  e s te rs  and the  ester/DNA r a t io  which occurred  2 
to  3 weeks befo re  b i r t h  in  th e  b ra in  stem, a t  b i r th  in  th e  fo re b ra in  and 
a few months a f t e r  b i r th  in  the  cerebellum  appears to  correspond to  th e  
onset o f  a c tiv e  m yelina tion  in  the  re sp ec tiv e  b ra in  areas (Yakovlev and 
Lecours, 1967). These two ev en ts , one r e la te d  to  growth and th e  o th e r  
probably r e la te d  to  m y elin a tio n , are  b e s t shown in  the  fo re b ra in  (F ig . 22) 
between b i r t h  and 10 months th e r e a f te r  and correspond to  th e  changes 
described  in  the  whole b ra in  o f  th e  r a t  (Eto and Suzuki, 1972) between 7 
and 27 days a f t e r  b i r th .  S im ila r t r a n s ie n t  in c re a se s , thought to  be 
r e la te d  to  m yelina tion , were a lso  described  in  the  human corpus callosum  
and sp in a l cord, and the  sp in a l cord o f  the  chick (Adams and Davison, 1959), 
and in  th e  ra b b it  CNS (Clarenburg e t  a l , 1966).
That th ese  changes during m yelination  in  th e  amounts o f  c h o le s te ro l  
e s te rs  could be re g u la te d  by the  enzymes o f  c h o le s te ro l e s te r  m etabolism  
o f the b ra in  in  s i t u  was shown in  th e  r a t  (Eto and Suzuki, 1972a). The 
a c t iv i ty  o f  th e  pH 6 .6  c h o le s te ro l e s te r  hydro lase in c re a sed  sh a rp ly  
w h ils t th a t  o f  th e  pH 4.2 hydrolase decreased during th e  p e r io d  o f  a c tiv e  
m yelination (10-30 days a f t e r  b i r t h ) .  Eto and Suzuki (1971) a lso  showed 
th a t  h ig h ly  p u r if ie d  m yelin p rep ara tio n s  from a d u lt r a t  CNS were more 
enriched in  the  pH 6 .6  hydrolase a c t iv i ty  than  s im ila r  p re p a ra tio n s  from 
younger r a t s ,  thus suggesting  th a t  a p o r tio n  o f  the  enzyme m ight be 
lo c a liz e d  in  th e  m yelin sh ea th . Whether the  same enzymes a re  a lso  involved 
in  the metabolism o f  c h o le s te ro l e s te rs  o f  th e  b ra in  o f  th e  o th e r  sp e c ie s ,
including  man, i s  n o t known.
In general agreement w ith  e a r l i e r  rep o rts  (Tichy, 1966, 1967; A ilin g  
and Svennerholm, 1969; Davison, 1970; Eto and Suzuki, 1972), th e  s a tu ra te d  
and the  monoenoacacids were th e  prim ary f a t ty  acids o f  the  c h o le s te ro l e s te r s ,  
and in  accordance w ith  th e  observation  o f  A ilin g  and Svennerholm (1969), 
th ere  were only sm all d iffe re n c es  in  the  f a t ty  ac id  com position o f  th e  
e s te rs  o f  d i f f e r e n t  reg io n s . Like th e  con ten t, the  f a t ty  a c id  com position 
o f  the c h o le s te ro l e s te r s  a lso  changed during growth, as found p rev io u s ly  
in  man (A iling  and Svennerholm, 1969) and in  the  r a t  (Eto and Suzuki, 1972).
I t  i s  to  be n o ted , however, th a t  most o f  these  changes occurred  a f t e r  b i r th ,  
suggesting th a t  only th e  f a t ty  ac ids o f  c h o le s te ro l e s te rs  th a t  seem to  be 
r e la te d  to  m yelination  may undergo more replacem ent than  those  o f  th e  e s te r s  
th a t  are  seem ingly u n re la te d  to  m yelin.
The f a t ty  a c id  com position o f  serum c h o le s te ro l e s te r s  d i f f e r s  from 
th a t  found in  th e  b ra in  (Tichy, 1966; 19 67; Eto and Suzuki,
19 72). This d iffe re n c e  i s  most pronounced in  the p ro p o rtio n  o f  l in o le i c  
ac id , fo r  th i s  f a t ty  a c id  c o n s ti tu te s  34-50% o f  th e  t o t a l  fa tty -  ac id s  o f  
serum c h o le s te ro l e s t e r s , compared w ith  le s s  than  10% in  th e  b ra in  (A iling  
and Svennerholm, 1969; Eto and Suzuki, 1972). The low percen tage value 
o f  l in o le ic  a c id  found in  the  p re se n t study may th e re fo re  exclude th e  
p o s s ib i l i ty  o f  a contam ination o f  th e  c h o le s te ro l e s te r s  o f  th e  b ra in  
w ith  th a t  o f  b lood plasm a. Davison e t  a l  (1958) and Dewey (1959) could , 
however, d e te c t sm all amounts o f  blood trapped  in  th e  b ra in  a f t e r  
exsanguination and washing. To avoid the  danger o f  a con tam ination , however 
n e g lig ib le  i t  may be, i t  i s  probably most ap p ro p ria te  fo r  b ra in  c h o le s te ro l  
s tu d ies  to  p e rfu se  th e  b ra in  befo re  a n a ly s is , as was done by Eto and 
Suzuki (1972).
The f a c t  th a t  the  f a t ty  a c id  p a t te rn  o f  serum c h o le s te ro l  e s te r s
i s  d i s t in c t  from th a t  o f  th e  b ra in  has been in te rp re te d  (Eto and Suzuki,
1972) as in d ic a tin g  th a t  serum c h o le s te ro l e s te rs  a re  n o t th e  d ire c t
o r ig in  o f  the b ra in  c h o le s te ro l e s te r s . .  This suggestion  i s
supported by an e a r l i e r  fin d in g  from iso to p e  s tu d ie s  (Clarenburg e t  a l ,
1963) th a t  the pools o f  c h o le s te ro l e s te rs  in  plasma and in  th e  b ra in  
were se p a ra te . In  th is  reg ard , th e  presence in  the  b ra in  o f  b o th  c h o le s te ro l 
e s te r ify in g  and c h o le s te ro l e s te r  hydrolysing  enzymes (Eto and Suzuki, 1972a) 
i s  s ig n if ic a n t .
The high  le v e l  o f  c h o le s te ro l e s te rs  in  the  fo re b ra in  o f  the  34 week-old 
foetus w ith  IUGR and in  a l l  b ra in  reg ions o f  the m alnourished ch ild re n  
i s  o f  considerab le  i n t e r e s t .  The high  le v e l found in  th e  foe tus may n o t 
be r e la te d  to  m yelination , because' a c tiv e  m yelination  had n o t begun a t  th is  
age, and only the  fo re b ra in  was s e le c t iv e ly  a f fe c te d . Moreover, the  co n cen tra tion  
o f  sphingomyelin in  th is  b ra in  (Chapter 6 ) was h igh , and th is  i s  rem in iscen t 
o f the  cond ition  in  some o f  the  c e re b ra l l ip id o se s  l ik e  N iem an-Pick's 
d isease  (Cumings, 1957; Crocker, 1961). In  the  m alnourished c h ild re n , 
im paired m yelination  could have accounted fo r  the  h igh  c h o le s te ro l e s te r  
le v e l.  The f a t ty  a c id  p a t te rn  o f  the  e s te rs  in  the  b ra in  o f  th ese  
m alnourished ch ild ren  were a lso  d if f e r e n t  from those in  th e  b ra in  o f  the  
co n tro l ch ild ren  and could be in te ip re te d  as a fu r th e r  in d ic a tio n  o f  a re ta rd ed  
development, fo r  w h ils t the p ro p o rtio n  o f  p a lm itic  and o le ic  ac ids norm ally 
decreased w ith  age, th e i r  p ro p o rtio n s  in  the m alnourished b ra in  d id  n o t 
change. A lso, the b ra in s  o f  the m alnourished ch ild re n  had lower values o f  
l in o le ic  and arach idonic  acids which norm ally in c reased  during b ra in  
m aturation . Furtherm ore, in  th ese  b ra in s , the co n cen tra tio n  o f  sphingomyelin 
was lower than normal (Chapter 6 ) .
I f  i t  i s  g en era lized  th a t  e a r ly  and th e re fo re  immature m yelin norm ally 
contains more ch o le s te ro l e s te rs  than  th e  mature a d u lt m yelin; then  th e  
above da ta  may provide an in d ic a tio n  th a t  m a ln u tritio n  during m yelina tion
r e s u l ts  in  th e  form ation o f  m yelin th a t  seems to  be r e la t iv e ly  immature.
The p o s s ib i l i ty  th a t  m a ln u tritio n  causes b ra in  degeneration cannot, however, 
be com pletely excluded, s in ce  in  various sudanophilic  dem yelinating cond itions 
the  le v e l  o f  b ra in  c h o le s te ro l e s te rs  i s  in creased , and a lso  th e i r  f a t ty  
ac id  composition a l te r e d  (Davison and Wajda, 1962; Cumings e t  a l , 1965;
G erstl e t  a l ,  1966; Norton e t  a l ,  1966; Suzuki e t  a l ,  1969; Suzuki e t  a l ,
1970; Svennerholm e t  a l ,  1970; Eto and Suzuki, 1971a). The in te r - r e l a t io n ­
ships among th e  c h o le s te ro l e s te rs  in  th e  b ra in  during normal growth, 
m a ln u tritio n , and dem yelinating cond itions -  and th e  a c t iv i ty  o f  th e  
ch o le s te ro l e s te r  m etaboliz ing  enzymes in  th ese  conditions re p re se n t a reas 
fo r  fu r th e r  re sea rch .
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FIG. 19
E ffe c t o f development and m a ln u tritio n  in  e a r ly  l i f e  
on th e  c h o le s te ro l e s te r  r a t io  (e s te r  as p ercen t of 
t o t a l  c h o le s te ro l)  o f th e  human fo re b ra in , cerebellum  
and b ra in  stem. C ontrol, open symbols, m alnourished, 
c lo sed  symbols.
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Table 5. C ho les te ro l e s te r  co n ten t o f th e  fo re b ra in , cerebellum
and b ra in stem  o f  the  growing human foetus
G esta tiona l
Age (days) yg/g
Forebrain
T o ta l Ester** 
(mg) R atio
Vg/g
Cerebellum
T ota l Ester** 
(yg) R atio
yg/g
Brainstem
T o ta l Ester** 
(yg) R atio
92 152 0.95 4.69) 4- .L 4 . 4- 4-
97 - - -  ) 109 28 4.76 68 19 1.70
97 123 0 . 8 8 4.45)
101
102
104
110
0.91
0 . 8 8
3.76)
3.99) 123+ 42+ 4.80+ 58+ 24+ 1 .71+
104
107
90
100
0.89
1.5
3.10)
3.72) 116+ 38+ 4.31+ 57+ 2 0+ 1.49+
119 94 2.57 3.12 102 56 4.00 50 45 1.25
137 77 2.74 2.45 48 61 1.80 57 39 1.35
158 . 34 1.76 0.94 35 80 1.23 40 42 0.75
158 34 1.58 0.94 - - - - - -
160 32 1.95 0.94 - - - - - -
162 84 6.08 1.91 36 68 1.07 41 85 0.76
180 24 2.90 0.59 67 247 1.75 50 97 0.74
196 94 13.91 1.24 43 250 1.05 56 163 0.70
219 47 8.51 0 .90 28 245 0 . 8 8 43 187 0 . 6 6
223 - - - 34 345 1 .0 1 67 208 0 . 8 8
238* 780 65.01 1 2 .0 1 53 559 1.24 71 237 0.74
246 46 12.5 0.93 34 526 0.91 34 141 0.44
247 44 1 1 . 0 0.93 - - - 41 127 0.51
262 136 49.6 2.06 54 1287 1.23 31 175 0.35
262 81 30.1 1.50 - - - - - -
265 152 49.7 2.51 - - - 31 210 0.33
268 60 2 1 .8 1.07 29 591 0.61 83 386 0.72
272 61 . 14.6 1 . 2 0 32 644 0 . 6 6 63 281 0.72
276 - - - 24 488 0.40 82 387 0 .73
291 I l l 52.0 1.84 48 1324 0.67 36 241 ' 0 .27
291 112 36.0 1.85 71 2056 0.99 - - -
292 65 25.2 1 . 0 1 44 1072 0.74 46 253 0.51
* Foetus w ith  severe in t r a - u te r in e  growth r e ta rd a tio n . Note the h igh  c h o le s te ro l  
e s te r  con ten t o f  the  fo re b ra in .
** E ste r  r a t io  = C h o leste ro l e s te r s  100 
r  r a t io  T o tal c h o le s te ro l x
+ Cerebellum s, and the  brainstem s in  these  b ra in s  were pooled.
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TABLE 7A F a tty  a c id  com position  o f  c h o le s te r o l  e s t e r s  o f  th e fo reb ra in
o f  the d evelop in g  human fo e tu s
(Values are exp ressed  as w eigh t p ercen tages o f  th e  t o t a l  f a t t y  a c id s )
G esta tio n a l 
age (days) 16:0 16:1 18:0
F a tty  ac id s 
18:1 18:2 18:3 20:1 20:3 20:4
92 32.3 1 0 .8 8.3 38.3 3.3 0 .7 0 .3 0 .5 5.5
97 30.1 1 1 .6 7.6 40.1 3.1 0 .7 0 . 8 0 .9 4.4
97 32.5 10.5 5.8 43.2 4 .2 0 .7 0 . 8 0 . 8 1.5
101 29.5 9 .8 8 . 1 37.5 2.9 0 .3 0 . 6 0 .4 10.9
102 30.4 1 0 . 1 7.3 39.3 2 . 1 0 .4 0 .5 0 . 6 9 .3
104 31.6 10.3 7.8 39.6 3.9 0 .7 0 .3 0 .9 4.9
107 29.8 13.8 8 . 0 37.7 3.5 0 .9 0 .7 0 .3 5.3
119 30.1 12.3 9.1 36.6 2.9 0 . 2 0 .9 0 . 8 7.1
137 30.8 14.5 8.5 33.8 3.6 0 . 1 0 .9 0 .5 7.3
158 32.1 9.6 9.5 34.9 3.6 0 . 2 0 .7 0 .3 9 . i
158 34.9 12.3 8.9 33.2 3.9 0 .5 0 .5 0 . 8 5.0
162 29.2 8.7 10.5 35.0 4.2 0 .7 0 . 6 0 .3 1 0 .8
180 27.9 1 1 .2 9 .3 35.2 4.8 0 .3 0 .9 0 .5 9.9
196 30.3 11.5 9 .7 36.3 2.9 0 .5 0 .4 1 . 0 7.4
219 28.5 1 2 .1 1 0 . 8 35.3 3.1 0 . 6 0 .3 0 .7 8 . 6
223 29.1 8 .2 1 1 . 2 34.2 3.3 0 . 6 0 . 6 0 . 8 1 2 . 0
238* 30.8 10.5 6.5 39.3 4 .1 0 .7 0.9 1 . 2 6 . 0
246 28.3 1 0 .8 9 .3 34.8 3.8 0 .3 0 . 2 2 . 1 10.4
247 26.9 12.3 10.3 36.2 4.2 0 .4 0 .7 0 .9 8 . 1
262 28.5 9.8 9.8 34.9 5.9 0 .3 0 .9 1.5 8.4
262 23.8 1 1 .6 11.5 36.3 4 .3 Trace 0 .5 1 . 6 10.4
265 25.6 10.3 13.6 33.8 5.6 0 .9 0 .7 0 . 8 8.7
268 26.3 9.5 12.4 34.3 5.2 0 . 8 0.9 1 .3 9 .3
272 25.2 13.3 1 1 .6 32.5 6 .3 1 . 1 1.5 1 . 0 7.5
276 25.3 12.9 13.0 32.3 5.8 0 .5 0 . 8 1.5 7.9
291 26.7 1 2 .2 1 1 . 2 30.3 6.5 1 . 2 0 .7 0 .7 10.5
291 28.3 13.3 10.3 28.3 7.9 0 . 6 1 . 8 1 .3 8 . 2
292 24.1 1 2 .8 1 2 . 6 30.1 6 . 8 1 .3 1 .3 1 . 8 9.2
* Foetus w ith  severe in tra -u te r in e  growth re ta rd a t io n
TABLE 7B F a tty  a c id  com p osition  o f  c h o le s t e r o l  e s t e r s  o f  th e  fo reb ra in  o f
th e  ’c o n tr o l1 (C) and th e  m alnourished (M) c h ild r e n  o f  variou s ages
Age
(months)
N u tr it io n a l
s ta tu s 16:0 16:1 18:0
F a tty  ac id s  
18:1 18:2 18:3 20:1 20:3 20:4
1 C 26.9 11.5 10.9 31.2 6 .3 0 . 8 1.5 2 . 1 8 . 8
2.5 M 25.5 13.3 1 1 .2 33.3 5.8 1.9 1 . 6 0 . 8 6 . 6
6 C 25.3 13.6 1 2 . 1 32.0 5.9 0 . 8 0 .9 0 . 8 8 . 6
8 M 26.6 1 2 .6 13.2 36.8 5.9 0.9 1 . 2 0 .9 1.9
9 C 23.9 1 1 .8 1 1 .2 29.5 5.2 1 . 1 1 .2 1 . 6 14.5
9 C 25.3 1 2 .1 11.9 31.1 8 .3 0 .7 1 .3 2 .7 6 . 6
10 M 23.8 13.8 14.5 31.2 6 . 1 2 . 1 2 .3 0 . 6 5.6
10 ' C 2 2 .6 12.9 9.1 27.6 7.7 1 . 2 0 .9 1 . 1 16.9
10 M 29.2 1 0 .8 1 1 .2 30.3 5.3 0 . 6 1 . 2 0 . 8 1 0 .6
11.5 M 26.9 11.7 13.4 26.5 6.5 1 . 2 2 . 0 1 . 1 10.7
12 M 28.2 13.5 1 1 .6 28.9 4 .8 3.2 1 . 8 0 .9 7.1
12.5 M 28.3 1 1 .6 10.5 30.8 6 . 6 1 . 2 0 .9 1 .3 8 .8
15 M 26.5 1 2 .2 1 0 . 6 31.2 5.9 0 .3 0 . 6 1 . 8 10.9
18 C 24.3 13.6 9.5 28.2 8.4 0 . 8 1 . 1 0 . 6 13.5
18.5 M 29.3 1 0 .2 11.3 33.6 6 .7 0 .7 0 .9 1 . 2 6 . 2
22.5 M 31.3 14.6 8.5 30.8 6 . 8 0.9 0 . 6 0 .9 5.6
24 C 2 0 .2 1 0 .8 6 . 2 26.9 9.5 0 . 6 0.9 1 . 2 23.7
26 C 19.3 1 1 .1 6.9 25.8 1 0 .2 0.9 0 .5 1 . 0 24.3
V alues are exp ressed  as w eigh t p ercen tages o f  th e  t o t a l  f a t t y  a c id s
TABLE 8A F a tty  a c id  com position  o f  c h o le s t e r o l  e s t e r s  o f  the cerebellum
o f  th e  d evelop in g  human fo e tu s
(Values are exp ressed  as w eigh t p ercen ta g es  o f  th e  t o t a l  f a t t y  a c id s )
G esta tio n a l 
age (days) 16:0 16:1 18:0
F a tty  ac id s 
18:1 18:2 18:3 20:1 20:3 20:4
100* 27.9 1 2 .1 6 .3 40.4 3.9 0 . 2 0 . 6 0 .5 8 . 1
119 27.8 15.3 9.6 35.2 3.6 0 . 2 0 .5 0 . 6 7.2
137 26.1 16.1 8 . 8 33.3 3.9 0 .9 0 .7 0 .5 9.7
158 25.9 16.1 9.5 32.3 3 .3 0 .5 0 . 8 0 .7 10.9
162 26.6 14.8 9 .7 31.5 3.7 0 .7 1 . 1 1 . 2 10.7
180 24.9 13.4 8 .2 34.8 2 . 2 1 . 0 1.4 1 .3 1 2 . 8
196 26.1 12.5 9.5 35.5 3 .7 0 .5 1 . 0 1 . 2 1 0 . 0
219 25.8 11.7 1 0 . 8 32.1 3.2 1.5 1 . 1 1 . 8 1 2 . 0
223 25.9 14.5 1 0 .8 34.1 3.4 1.4 0 .9 0 . 8 8 . 2
238** 29.3 1 0 .2 2 . 2 43.2 3.9 0 .3 0 .7 0 .9 9 .3
246 26.2 12.7 7.4 33.5 3.6 1 . 2 1 . 8 1 . 8 1 1 .8
247 25.1 16.7 9.5 33.1 1 .3 0 .3 0 .5 0 .7 1 2 . 8
262 23.8 15.8 1 0 .6 31.6 3.8 1 . 6 0.9 1 . 2 10.7
262 22.9 13.9 11.4 32.3 3.5 1.7 1 . 2 1.9 1 1 .2
265 24.2 14.7 1 1 .2 31.8 3.1 1.5 1 . 1 1.9 10.5
268 25.1 16.3 1 0 .1 30.2 4 .0 1.9 1 . 2 1 . 0 1 0 . 2
272 23.9 12.4 12.5 31.5 6 . 0 1 . 2 1.5 1 . 6 9.4
276 23.8 12.9 12.7 29.6 5.7 1.9 1 . 1 1.9 10.4
291 24.2 14.0 13.5 27.8 5.4 1.4 1 . 8 1 . 0 10.9
291 26.3 12.5 1 2 . 0 28.9 5 .3 1.5 2 .1 1.5 9.9
292 23.6 13.0 12.9 29.8 5.7 1 . 6 1.4 1 . 8 1 0 . 2
* The t o t a l - l i p i d  e x tra c ts  o f  th e  b ra in s  o f  the foe tuses o f  92, 97, 97, 101, 
102, 104 and 107 g e s ta tio n a l days (see Table 7A) were pooled, and an 
a r b i tr a r y  age o f  100 days was taken
** Foetus w ith  severe in tra -u te r in e  growth re ta rd a tio n
-  115 -
TABLE SB F a tty  a c id  com position  o f  c h o le s t e r o l  e s t e r s  o f  the cerebellum  o f
th e  C o n t r o l1 (C) and th e m alnourished  (M) c h ild r e n  o f  variou s ages
Age
(months)
N u tr it io n a l
s ta tu s 16:0 16:1 18:0
F a tty  ac id s  
18:1 18:2 18:3 20:1 20:3 20:4
1 C 25.1 13.9 1 0 .6 29.6 5.9 0 .9 1.3 1.9 1 0 . 8
2.5 M 24.8 12.9 1 2 .8 31.3 5.6 1 . 2 0.9 0 . 8 9.7
6 C 27.2 15.2 10.5 28.3 5.2 1 . 2 1.5 2 . 0 8.9
8 M 26.1 13.6 10.9 31.2 7.4 1 .3 1 .3 1 .2 7.0
9 C 24.6 13.9 11.5 29.2 7 .3 1 . 8 1.9 1 . 8 8 . 0
9 C 20.9 13.6 12.7 30.3 9.2 0 .9 1 . 1 1.7 9 .6
10 M 26.2 1 2 .8 11.3 28.7 5 .3 1 . 0 0 . 8 0 . 6 13.3
10 C 24.3 13.7 9.8 26.2 8.5 1.5 1 . 2 1.5 13.3
10 M 23.8 10.5 13.9 31.2 5.8 0 . 6 1 .3 0.9 1 2 . 0
11.5 M 27.5 1 0 . 6 14.3 27.6 5.9 1 . 2 1.5 1 .3 1 0 . 1
12 M 24.6 9.9 10.7 29.6 7.1 0 .7 0 . 8 1.5 15.1
12.5 M 28.6 13.3 13.3 31.3 5.6 1 .3 0 . 6 1 . 1 4.9
15 M 26.3 13.1 1 0 .6 28.6 6 .7 0 .7 0 . 6 0.9 12.5
18 C 26.5 14.3 8 . 1 27.6 8 .3 1 . 6 1 . 8 1.5 10.3
18.5 M 24.5 1 2 .2 11.5 28.7 7.6 0 . 8 1 .3 1 . 2 1 2 . 2
22.5 . M'. ‘ 29.6 13.3 1 2 .6 29.3 8.3 1 . 1 1 . 2 0 . 6 4 .0
24 C 2 1 .6 11.9 6 . 2 25.2 1 0 . 6 1.5 1 . 6 2 . 1 19.3
26 C 22.3 11.5 7.6 25.9 11.9 0 . 6 0 .3 1 .6 18.3
V alues are e^qjressed as w eigh t p ercen tages o f  th e  t o t a l  f a t t y  a c id s
TABLE 9A F a tty  a c id  com position  o f  c h o le s t e r o l  e s t e r s  o f  the b ra in  stem
o f  th e d evelop in g  human fo e tu s
(V alues are exp ressed  as w eigh t p ercen tages o f  th e  t o t a l  f a t t y  a c id s )
G esta tio n a l 
age (days) 16:0 16:1 18:0
F a tty  ac id s 
18:1 18:2 18:3 20:1 20:3 20:4
100* 31.9 9.5 7.5 40.6 4.1 0 .5 0 . 6 0 .7 4.6
119 32.5 9 .6 8 . 6 37.5 3.3 0 .7 0 . 8 0 . 8 6 . 2
137 34.4 9.8 8.7 34.6 3.7 0 .5 0 .4 0.5 7.4
158 35.5 11.5 1 0 .1 35.5 3.9 0 .3 0 .5 0 . 6 2 . 1
162 31.3 1 0 .6 10.3 33.8 4.1 0 .4 0 .9 0.9 7.7
180 32.4 9 .3 1 0 .1 36.0 3.3 0 . 2 0 .7 0 . 8 7.2
196 34.7 1 0 . 6 9.9 36.9 3.6 0 .7 1 . 0 0 .5 2 . 1
219 32.8 9.5 11.3 34.0 2.9 0 .5 1 . 1 0.9* 7.0
223 31.5 8 . 6 1 2 .1 34.3 3.4 0 .4 0 . 8 1 . 2 7.7
238** 30.5 10.3 7.9 39.6 4 .8 1 . 0 1 . 1 0 .5 4 .3
246 30.2 8.5 1 0 . 1 35.8 4.1 0 .4 1.3 0 .9 8.7
247 31.6 8.9 9.2 35.9 3.9 0 .3 0 .7 0 .7 8 . 8
262 32.9 9 .3 9 .7 34.1. 4 .0 0 . 6 0 . 8 1 . 0 7.0
262 30.6 10.5 1 1 .2 34.3 3.1 0 .7 0 .9 0 . 6 8 . 1
265 31.6 1 1 . 1 1 0 . 1 33.9 3.6 0 .9 1 .3 0 .5 7.0
268 30.5 1 0 .6 10.7 33.2 3.7 0 . 8 1.4 0 .7 8.4
272 30.0 9.9 10.3 32.6 5 .3 1 . 1 1.9 1 . 0 7.9
276 29.3 1 0 . 0 11.3 32.5 5.8 1 . 0 1 . 8 0 . 8 7.5
291 29.5 1 0 . 1 1 2 . 2 31.5 4.9 1 .3 1.5 0 .9 8 . 1
291 27.5 11.9 10.3 32.6 5.9 1.5 1 . 1 1 .3 7.9
292 30.3 1 0 .6 1 1 .6 30.1 6 . 1 1.9 1 . 2 1.9 6 .3
* The t o t a l - l i p i d  e x tra c ts  o f  the  b ra in s  o f  the  fo e tu ses  o f  92, 97, 97, 101, 
102, 104 and 107 g e s ta tio n a l days (see Table 7A) were pooled, and an 
a r b i tr a r y  age o f  100 days was taken
** Foetus w ith  severe in tr a -u te r in e  growth r e ta rd a tio n
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TABLE 9B F a tty  a c id  com position o f  c h o le s te ro l e s te rs  o f the b ra in  stem o f  
th e  ’c o n tro l1 (C) and the  m alnourished (M) ch ild ren  o f  various ages
Age
(months)
N u tr it io n a l
s ta tu s 16:0 16:1 18:0
F a tty  acids 
18:1 18:2 18:3 20:1 20:3 20:4
1 C 28.3 1 0 . 8 12.5 33.3 5.8 1 . 8 1 . 1 2 . 1 4 .3
2.5 M 28.8 1 1 . 1 13.2 31.6 6 . 2 2 .1 0.9 0 . 6 5.5
6 C 24.5 1 1 . 2 13.8 34.9 6.9 0.9 0 . 8 3.2 3.8
8 M 29.2 10.9 12.5 31.3 7.2 2.3 1 . 0 1 . 2 4 .4
9 C 23.6 9.5 1 0 . 8 33.3 7.3 1 . 2 1.5 3 .3 9 .5  |
9 C 28.6 1 0 . 8 11.3 28.5 6.5 1 . 1 1 . 2 1 . 0 1 1 . 0
10 M 26.6 1 0 . 8 1 1 .6 36.3 8.5 0 .9 0 .7 2 . 2 2.4
10 C 2 1 .2 1 1 . 8 9.8 27.5 6 . 6 0.5 1 . 0 3.5 18.1
10 M 28.2 1 1 . 1 10.3 31.3 7.8 1 .3 1.4 3 .0 5.6
11.5 M 29.5 1 1 . 0 13.2 31.2 7.6 1 . 6 0.9 1 .3 3.7
12 M 25.6 13.2 1 1 . 8 28.5 5.8 3.2 1 . 6 0 .9 9 .4
12.5 M 26.9 1 1 . 8 11.7 29.6 8.3 1 . 1 0.9 1 . 2 8.5
15 M 29.9 1 0 .6 12.4 31.1 4.5 3.3 1 . 8 3.2 3.2
18 C 23.3 11.3 10.3 28.3 8 . 8 0 . 2 0.9 4 .0 12.9
18.5 M 24.6 9 .8 13.2 30.3 6.5 1.7 1 . 2 0 .9 1 1 . 8
22.5 M 26.6 9 .3 1 2 . 8 30.1 5.5 0 . 8 1.7 0 . 6 1 2 . 6
.24 C 17.5 1 0 . 6 6 . 6 31.5 8.3 1 .3 1 . 1 1 .3 2 1 . 8
26 C 18.8 9 .3 7.8 29.6 9.6 1 . 2 1 .3 0 .9 21.5
V alues are exp ressed  as w eigh t p ercen ta g es o f  th e  t o t a l  f a t t y  a c id s
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CHAPTER 6
EFFECT OF DEVELOPMENT BEFORE AND AFTER 
BIRTH, AND OF MALNUTRITION AFTER BIRTH, 
ON THE PHOSPHOLIPIDS OF THE HUMAN BRAIN
-  119 -
A. In tro d u c tio n
Developmental s tu d ie s  of various l ip id  compounds, in c lu d in g  th e  
phospho lip ids, in  th e  noimal human b ra in  have f a c i l i t a t e d  our under­
stand ing  o f  d i f f e r e n t  s tag es  o f  m atu ra tion  a t  th e  m olecular le v e l 
(Johnson e t  a l ,  1948, 1949; B rante, 1949; Cumings e t  a l , 1958;
Balakrishnan e t  a l ,  1961; Svennerholm, 1964; Clausen e t  a l ,  1965;
Howard e t  a l ,  1969; Svennerholm and V anier, 1972; Dobbing and Sands,
1973). Some o f  the  a sso c ia ted  changes in  the l i p id  p a t te rn  th a t  occur 
in  some d isease  s ta te s  a re  a lso  known (Klenk, 1939-40; Cumings, 1957; 
Crocker, 1961; Davison and Wajda, 1962 ) .  The t o t a l  phospho lip id  
con ten t o f  a few b ra in s  from ch ild re n  who d ied  o f severe m a ln u tr itio n  
in  th e  f i r s t  two years  o f  l i f e  has a lso  been deteim ined (Rosso e t  a l ,  1970). 
In  a l l  th e  s tu d ie s  quoted the  in v e s tig a tio n s  have involved only  th e  whole 
b ra in , o r  the grey and /or w hite m atte rs  o f  the  fo re b ra in . The a v a i la b i l i ty  
o f  human b ra in s  d iv ided  q u a n ti ta t iv e ly  in to  th re e  anatom ical b ra in  regions 
have made p o ss ib le  a study o f  th e  phospholip ids in  the  th re e  m ajor b ra in  
regions during noimal fo e ta l  and e a r ly  p o s tn a ta l growth. The b ra in  o f  
the  fo e tu s  w ith  severe in t r a -u te r in e  growth re ta rd a t io n  (IUGR) was a lso  
included  fo r  comparison. Brains from a number o f  m alnourished ch ild re n  
who d ied  w ith in  the  f i r s t  22\ months a f t e r  b i r th ,  and which had s im ila r ly  
been d is se c te d  were a lso  a v a ila b le .
B. R esu lts
Hie co n cen tra tions o f  t o t a l  l ip id -P  in  th e  fo re b ra in , cerebellum  and 
b ra in  stem o f  th e  fo e ta l  and p o s tn a ta l b ra in s  a re  shown in  F ig . 23, The 
co n cen tra tions were h ig h es t in  the  b ra in  stem and low est in  th e  cerebellum  
a t  a l l  ages. In  the fo re b ra in , during normal growth, the  co n cen tra tio n
in creased  ra p id ly  between 13 and 20 weeks' g e s ta tio n  (by about 501) 
and then slow ly , u n t i l  about th e  35th week, a f t e r  which time i t  again  
in creased  ra p id ly  u n t i l  th e  10th  month a f t e r  b i r t h  and more slow ly 
up to  the  26th month. The co n cen tra tio n  o f  l ip id -P  in  th e  cerebellum  
in creased  more than  5 -fo ld  during the  e n t i r e  p e rio d  o f  the  s tu d y , b u t 
most o f  th i s  in c rea se  occurred  between th e  31st week o f  g e s ta tio n  and 
the f i r s t  month a f t e r  b i r th .  In  the b ra in  stem the  co n cen tra tio n  o f 
l ip id -P  in c reased  tw o-fo ld  during th e  p e rio d  o f  g e s ta tio n  and continued 
to  in c rease  by a fu r th e r  3-fo ld  up to  th e  26 months o f  age.
The fo e tu s  w ith  IUGR had a normal co n cen tra tio n  o f  l ip id -P  (Tables XI11 to  
XV, Appendix) in  each b ra in  reg ion . The co n cen tra tio n s in  the  fo re b ra in , 
and the b ra in  stem o f m alnourished c h ild re n  (F ig . 23) were comparable 
to  the  noimal values a t  a l l  ages up to  18.5 months b u t were markedly 
lower than  normal in  th e  sev ere ly  a f fe c te d  22.5 m onth-old marasmic c h ild .
In  th e  cerebellum , on the  o th e r  hand, th e  co n cen tra tio n s  had lower values 
in  a l l  m alnourished ch ild re n  aged 1 y ea r  o r  more.
The ab so lu te  amount o f  t o t a l  l ip id -P  (F ig . 24) in  th e  normal b ra in s  
in creased  in  a sigmoid fash io n  in  the  th re e  b ra in  reg ions over th e  t o t a l  
perio d  o f  th e  s tudy ; the  p e rio d  o f  most ra p id  in c re a se  was between the  
th i rd  t r im e s te r  o f g e s ta tio n a l  and th e  f i r s t  y e a r  o f  p o s tn a ta l  l i f e ,  
and th is  was most pronounced in  the cerebellum , as expected from i t s  
c h a r a c te r is t ic  growth p a t te rn .  The t o t a l  amount o f  l ip id -P  in  th e  
fo reb ra in  o f th e  fo e tu s  (with IUGR) was d r a s t ic a l ly  reduced, as expected 
from the red u c tio n  in  b ra in  w eight; th e  amounts in  the  o th e r  two p a r ts  were 
those expected fo r  age (Tables X IIIto  XV) .The m alnourished c h ild re n  who d ied  
before 8-10 months ofv age had amounts o f  t o t a l  l ip id -P  comparable to  those
o f the  noimal ch ild re n  o f  ap p ro p ria te  ages (F ig .24). The amounts were,however,
lower than the  co n tro l values in  the b ra in s  o f  the  m alnourished 
ch ild re n  who were over 12 months o f  age. But the  con ten ts p e r  c e l l ,  
in  th e  m alnourished c h ild re n , as shown by lipid-P/DNA r a t io  (DNA values are  
those o f Winick e t  a l  (1970) (Fig. 25 ) were the  same a s , and in  some 
cases even h ig h er than  th e  normal values a t  le a s t  up to  18.5 months 
o f age. The values a t  th e  l a t e r  age (22\  months) were low er, however.
The fo reb ra in s  and th e  cerebellum  ex h ib ited  equal degrees o f  being 
a f fe c te d  by m a ln u tr itio n . The b ra in  stem was le a s t  a f fe c te d .
A part from some q u a n ti ta t iv e  d iffe re n c e s , th e re  was a rem arkable 
q u a l i ta t iv e  s im i la r i ty  between the  d if f e r e n t  p a r ts  o f  th e  b ra in  in  
the  way th e  d i f f e r e n t  phospholipids changed th e i r  r e la t iv e  p ro p o rtio n s  
during th e  noimal fo e ta l  p erio d  o f development (F ig .26 to  2 8 ), and the  
m ajor changes in  th e  pattern*  occurred during th is  p e rio d . However, 
most o f  th e  changes in  the  fo reb ra in  (F ig .26 ) occurred between th e  
13th and th e  25th f o e ta l  week, w hile in  the  cerebellum  (F ig .27 ) the  
changes occurred  between 30 weeks' g e s ta tio n  and term . In  th e  b ra in  
stem (F ig . 28), th e  changes were m ostly monophasic. The o v e ra ll  p ic tu re  
in  each o f  th ese  p a r ts  o f  th e  b ra in  was th a t  cho line phosphoglycerides 
(CPG) decreased, w hile  ethanolamine phosphoglycerides (EPG) and sphingo­
myelin (SPh) in c reased , w ith  the  le v e l o f s e r in e  + in o s i to l  phospho­
g ly cerid es  (SPG + IPG) remaining alm ost unchanged.
During the  p o s tn a ta l  development, however, the  d i f f e r e n t  b ra in  
regions showed a d iffe re n c e  in  th e i r  phospholip id  p a t te rn .  Thus, in  th e  
fo re b ra in  as w ell as the  cerebellum , CPG decreased fu r th e r  u n t i l  th e  9 th  
month o f  age and then  remained p ra c t ic a l ly  co n s ta n t, w hile EPG in c rea se d  
in  a re c ip ro c a l manner u n t i l  the  9th month and then e i th e r  remained
co n stan t ( in  the  fo reb ra in ) o r  decreased s l ig h t ly  ( in  the  cerebellum ).
CPG in  th e  b ra in  stem, on the  o th e r hand, continued to  decrease fu r th e r  
to  271 a t  the  26th month o f  age (value a t  term 37%), and meanwhile, EPG 
in c reased  to  become the  most predominant phospho lip id , a t  l e a s t  up to  
26 months o f  age. SPh con cen tra tio n  in  th e  fo reb ra in  in creased  up to  
the  9 th  month and then le v e lle d  o f f ,  b u t in  th e  o th e r two p a r t s ,  i t  
in c reased  a l i t t l e  more to  supercede th a t  o f  SPG + IPG. The p ro p o rtio n  
o f SPG + IPG remained f a i r l y  co n s ta n t, as b e fo re .
The p ro p o rtio n  o f SPh was h ig h er than  normal fo r  age in  th e  fo re b ra in  
o f th e  IUGR foetus (TableX III) ,and the  p ro p o rtio n  of CPG was r e la t iv e ly  
low er. The p a t te rn  o f  th e  d is t r ib u t io n  o f  th e  phospholip ids was noim al 
in  th e  o th e r  p a r ts  o f  th is  b ra in  (Tables XIV to  XV) .The c h a r a c te r is t ic  fe a tu re  
o f  th e  phospholip id  p a t te rn  in  the  manourished b ra in s  (Tables 10-12)was t h e i r
lower p ro p o rtio n  o f SPh, and th is  was found in  each o f the  p a r t s .  The 
low est value (8.5%) was found in  th e  cerebellum  o f  the  most sev ere ly  
m alnourished c h ild . The percentage co n trib u tio n s  o f the  o th e r  phospho­
l ip id s  were comparable to  those in  th e  c o n tro ls , although they  had 
r e la t iv e ly  h ig h er v a lu es , due to  th e  sm alle r co n tr ib u tio n  o f SPh.
C. D iscussion
The p re sen t study am plifies  and extends our knowledge o f  th e  changes 
in  phospholip ids o f  the  human b ra in  during development. When c a lc u la te d  
on a whole b ra in  b a s is ,  the  values o b ta in ed  fo r  the  t o t a l  p h o sp h o lip id s , 
and fo r  the  various f ra c tio n s  a re  in  f a i r  agreement w ith  those  o f  o th e rs  
(Cumings e t  a l ,  1958; Svennerholm, 1964; Rosso e t  a l ,  1970).
Three q u a n titiv e ly  d is se c te d  p a r ts  o f  each b ra in  w ere, however, 
s tu d ie d  and the  ra te s  o f  in c rease  in  l ip id -P  co n cen tra tio n  d if f e re d  in  
the  d if f e r e n t  p a r ts .  Thus, in  the  fo re b ra in  th e  co n cen tra tio n  in c reased
by 100% during the  p re -n a ta l  p e rio d  examined, w ith  a f u r th e r  300% r is e  
from the  value a t  b i r th  during the  f i r s t  26 months a f t e r  b i r t h ,  w h ils t 
in  the  cerebellum  the concen tra tion  ro se  by almost 300% during the fo e ta l  
p e rio d , w ith  a fu r th e r  r i s e  o f only about 50% during the p o s t-n a ta l  
p e rio d . The magnitude o f  the  change a f t e r  b i r th  in  the  fo re b ra in  in  
the p re se n t study  i s  r a th e r  g re a te r  than th a t  rep o rted  by Svennerholm 
and V anier (1972) fo r  th e  ce reb ra l co rtex . In f a c t ,  the  co n cen tra tion  
p a tte rn  f o r  th e  ce reb ra l co rtex  more n e a rly  approximates th a t  o f  the  
cerebellum  in  the  p re se n t s tudy , w h ils t  the  p a t te rn  fo r  th e  fo re b ra in  
i s  very  s im ila r  to  th e i r  p a t te rn  fo r  ce re b ra l w hite m a tte r. The con cen tra tio n  
in  th e  b ra in  stem rose  by about 200% to  b i r th ,  and by some 300% afte rw ard s , 
th e  p a t te rn  being s im ila r  to  th a t  in  the  fo re b ra in .
The sharp in c rease  in  the  concen tra tion  o f l ip id -P  in  th e  fo reb ra in  
th a t  occurred  between 13 and 20 weeks o f  g e s ta tio n  corresponds to  a p e rio d  
o f  rap id  neuronal m u ltip lic a tio n  (Dobbing and Sands, 1973). A s im ila r  
ra p id  in c rease  occurred  during th is  p e rio d  in  th e  co n cen tra tio n  o f  
g an g lio s id es , and p a r t ic u la r ly  o f the d is ia lo g a n g lio s id e s , G ^ a (Chapter 
seven) and a lso  in  the concen tra tion  o f p u tre sc in e  (Chapter
4 ) .  The in c rease  in  th e  concen tra tion  o f phospholipids during subsequent
growth and development i s  probably accounted fo r  by th e  growth o f  
ex tensive  neuronal in terco n n ectio n s and by the  form ation o f m yelin (Vanier 
e t  a l ,  1971).
The p a t te rn  o f accum ulation o f phospholip ids in  the  d i f f e r e n t  p a r ts  o f  
the b ra in  i s  s im ila r  to  th a t  fo r  c h o le s te ro l (Howard e t  a l ,  1969; Dobbing 
and Sands, 1973;Tables XI and X II,p resen t t h e s i s ) ,  and supports th e  
f in d in g s  o f  th ese  workers th a t  the growth and development o f th e  cerebellum
s t a r t s  l a t e r ,  b u t f in is h e s  e a r l i e r ,  than th a t  o f the fo re b ra in  o r  b ra in  
stem.
The rem arkable s im ila r i ty  in  th e  phospholip id  p a t te rn  o f  the  d if f e re n t  
regions o f  th e  f o e ta l  b ra in  c o n tra s ts  w ith  th e  d i f f e r e n t  reg io n a l p a tte rn s  
o f  th e  g an g lio sid es  (Chapter 7 ). The f a l l  in  th e  p ro p o rtio n  o f
CPG and the  r i s e  in  the  p roportions of EPG and SPh, to g e th e r  w ith  th e  
constan t p ro p o rtio n  o f SPG + IPG a re  s im ila r  to  changes rep o rted  f o r  whole 
b ra in  (Svennerholm, 1964; Clausen e t  a l ,  1965) and fo r  th e  grey and w hite 
m atters o f  th e  cerebrum (Cumings e t  a l , 1958; B alakrishnan e t  a l ,  1961; 
Svennerholm and V an ier, 1972). In  the  p re se n t study i t  was found th a t  
most o f  th ese  changes occurred between th e  th i r d  and f i f t h  month o f  
gesta tiQ n in  th e  fo re b ra in , and during th e  l a s t  two months o f  g e s ta tio n  
in  the  cerebellum .
The phospho lip id  p a t te rn  d id , however, change d i f f e r e n t ly  in  th e  th re e  
regions a f t e r  b i r t h .  W hilst the changes in  th e  fo re b ra in  and cerebellum  
were s im ila r ,  w ith  CPG s t i l l  c o n tr ib u tin g  the  g re a te s t  p ro p o rtio n  o f  th e  
to t a l  pho sp h o lip id s, those in  the  b ra in  stem were d i f f e r e n t .  In  th e  b ra in  
stem, CPG continued  to  decrease w ith  age and EPG to  in c re a se  re c ip ro c a lly  
so th a t  i t  l a t e r  co n trib u ted  the  m ajor p ro p o rtio n  o f th e  t o t a l .  This 
change i s  due to  th e  preponderance o f  w hite  m a tte r  in  th e  b ra in  stem , f o r  
EPG i s  th e  m ajor phospholip id  in  th e  w hite m a tte r  (Svennerholm and
V anier, 1972).
Using Sephadex f i l t r a t i o n  methods, i t  has been shown th a t  EPG i s  th e  
p r in c ip a l phospho lip id  bound to  b ra in  p ro te in s  (Clausen e t  a l ,  1965). 
P rim itiv e  c e l l s  have been shown to  have a more n eg a tiv e  charge (Ambrose, 
1962), which i s  la rg e ly  co n trib u ted  by CPG. Thus th e  p ro g re ss iv e  f a l l
in  th e  p ro p o rtio n  o f  CPG in  the b ra in  may be r e la te d  to  th e  development 
o f  more sp e c ia liz e d  c e l l s .  The myelin sheath  i s  r ic h  in  SPh and EPG (Cuzner 
& Davison, 1968; D alai & E in s te in ,1969). M yelination,how ever,does n o t begin  
appreciab ly  u n t i l  th e  30th week o f  g e s ta tio n  in  the  human (Langworthy, 1933; 
Yakovlev and Lecours, 1967) and the  r i s e  in  SPh and EPG befo re  th i s  age 
may p o ss ib ly  be a r e f le c t io n  o f the  in crease  in  the  su rface  a rea  o f  
c e l l  membranes.
In  th e  b ra in  o f  th e  foetus w ith  IUGR, the  fo re b ra in  only  was 
reduced in  w eigh t, and some abnorm alities were found in  th is  fo re b ra in .
Thus, the  co n cen tra tio n  o f c h o le s te ro l e s te rs  was h igh (Chapter 5 ) and 
so too was th e  r e la t iv e  concen tra tion  o f  SPh, w hile the co n cen tra tio n  o f 
t o t a l  l ip id -P  was noim al. Abnoimally high amounts o f  SPh are  a lso  
observed in  th e  b ra in  and sp leen  o f p a tie n ts  w ith  Niemann-Pick’s d isease  
(Klenk, 1934, 1939-40; Cumings, 1957; Crocker, 1961). In  th e  l i v e r  and 
kidney o f  th ese  p a t ie n ts ,  evidence has been ob ta ined  o f  a  d e fic ien cy  in  
th e  enzyme th a t  ca ta ly zes  th e  hydro lysis  o f th is  phospholip id  (Brady e t  a l , 
1966). I t  i s  n o t known a t  p re sen t whether th is  enzyme i s  a lso  a f fe c te d  
by in t r a - u te r in e  growth re ta rd a tio n .
O bservations in  the  r a t  and the  p ig  (F ish and W inick, 1969; D ickerson, 
1972) have shown th a t  the  cerebellum  i s  more a f fe c te d  by m a ln u tr it io n  and 
a t  an e a r l i e r  age than  the  r e s t  o f  the  b ra in . This i s  tru e  a lso  o f  the  
e f fe c ts  o f  m a ln u tritio n  on the human b ra in , and i s  in  keeping w ith  the  
g re a te r  v u ln e ra b il i ty  o f  th e  cerebellum  fo r  i t s  very  ra p id  r a te  o f  growth 
. in  neonata l p e rio d . The b ra in s  o f th e  m alnourished c h ild re n  
con tained  fewer c e l l s  (Winick e t  a l ,  1970) b u t the  amounts o f  l ip id s  p e r  
c e l l  (lipid-P/DNA r a t io )  remained noimal up to  18.5 months o f  age. The 
lipid-P/DNA r a t io  was, however, lower in  th e  22.5 m onth-old marasmic c h ild .
Rosso e t  a l  (1970), in  a study o f  some Chilean m alnourished c h ild re n , 
a lso  dem onstrated red u c tio n  o f  t o t a l  l ip id s  p e r  c e l l  from th e  beginning 
o f  the  2nd y ea r o f  l i f e .  I t  th e re fo re  appears th a t  m a ln u tritio n  in  
ea r ly  l i f e  n o t only c u r ta i l s  th e  number o f c e l ls  during the  p r o l i f e r a t iv e  
phase o f  growth, b u t a lso  reduces the  s iz e  and l i p id  con ten t o f  th e  
remaining c e l l s ,  i f  continued fo r  12-18 months a f t e r  b i r th .  The 
co n cen tra tion  o f  sphingomyelin in  p a r t ic u la r ,  was reduced. The con cen tra tio n  
o f SPh in  m yelin is o la te d  from human CNS tis s u e s  in creases  w ith  age (O’Brien 
and Sampson, 1965; Fishman e t  a l ,  1975). The lower co n cen tra tio n  o f  th i s  
phospholip id  in  th e  b ra in  o f  th e  malnourished ch ild re n  may th e re fo re  in d ic a te  
th a t  "m aln u tritio n  in  e a r ly  l i f e  im pairs the  process o f  iriyelination .
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E ffe c t o f development and m a ln u tritio n  in  e a r ly  l i f e  
on th e  co n cen tra tio n  o f  l ip id -P  in  th e  human fo re b ra in , 
cerebellum  and b ra in  stem. C ontro l, open symbols, 
m alnourished, c lo sed  symbols.
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FIG.24 E ffec t o f development and m a ln u tritio n  in  e a r ly  l i f e  on t o t a l  amount 
o f l ip id -P  in  th e  human fo re b ra in , cerebellum  and 
b ra in  stem. C ontro l, open symbols; m alnourished, 
c losed  symbols.
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Table 10 The p h o sp h o lip id s  o f  th e  fo reb ra in  o f  C o n t r o l1
and m alnourished Jamaican c h ild r e n
Age
(months)
L ipid-P  
vig/g mg/FB CPG*
Percen t m olar d is t r ib u t io n  
EPG* SFG + IPG* SPh*
Control
1 1010 357 40.0 32.5 16.0 11.5
6 1420 822 39.6 33.0 15.4 1 2 . 0
9 1609 1345 35.1 34.6 15.4 14.9
9 1624 1051 33.4 36.2 16.7 13.7
10 1703 1417 34.0 34.7 16.2 15.1
10 1715 1079 36.0 36.7 15.5 1 1 . 2
11 1700 1224 37.0 33.0 16.0 14.0
18 1955 1591 34.5 35.5 16.5 13.5
24 2110 1895 35.5 34.5 17.0 13.0
26 2222 2166 35.5 34.0 15.6 14.9
M alnourished
"2 1009 438 35.5 35.0 18.5 1 1 . 0
8 1600 1003 36.5 31.5 2 0 . 0 1 2 . 0
10 1522 904 35.0 34.5 17.0 13.5
10 1601 1142 34.6 32.9 19.5 13 .0
m 1604 818 35.5 36.5 17.0 1 1 . 0
12 1601 1105 36.3 36.2 17.5 1 0 . 0
1 21 1803 1201 37.0 33.0 19.5 10.5
15 1726 1260 36.8 33.7 2 0 . 0 9.5
m 2005 1512 35.2 34.8 19.5 10.5
221 1731 898 35.0 35.2 19.5 10.3
* CPG = Choline phosphoglyceride; EPG = Ethanolamine phosphoglyceride; 
SPG + IPG = S erine  + in o s i to l  phosphoglycerides; SPh = sphingom yelin.
Table 11 The p h osp h o lip id s  o f  the cerebellum  o f  C o n t r o l1
and 1 m alnourished’ Jamaican c h ild r e n
Age L ipid-P  P ercen t m olar d is t r ib u t io n
(months) y g /g  mg/CB CPG* EPG* SPG + IPG* SPh*
Control
1 710 18.2 37.6 31.9 16.5 14.0
6 788 45.8 35.5 32.5 17.4 14.6
9 715 6 8 .1 32.0 32.5 17.5 18.0
9 760 6 8 . 0 32.5 31.1 17.9 18.5
10 700 70.5 32.5 32.0 19.5 16.0
10 790 64.2 31.0 33.5 18.5 17.0
11 770 69.4 32.0 33.0 19.5 15.5
18 749 81.4 35.0 29.0 16.0 2 0 . 0
24 870 108 35.5 30.0 15.0 19.5
26 902 109 34.0 29.0 17.5 19.5
M alnourished
"2 695 25; 6 37.0 33.0 2 0 . 0 1 0 .0
8 785 56.4 35.5 32.0 17.5 15.0
10 815 75.0 34.5 31.5 18.0 16.0
H i 660 47.7 34.0 32.0 17.5 16.5
12 675 63.5 34.0 32.0 18.5 15.5
12 i 665 58.9 34.0 33.0 2 0 . 0 13.0
15 668 62.0 35.5 34.5 19.0 1 1 . 0
181 649 62.7 35.1 35.0 19.6 10.3
221 624 41.8 34.0 33.0 20.5 8.5
* See Table 10 .
Table 12 The p h o sp h o lip id s  o f  th e  b ra in  stem  o f  ’c o n tr o l1
and 'malnourished* Jamaican ch ild r en
Age L ipid-P . P ercen t m olar d is t r ib u t io n
(months) v g / g  mg/BS CPG* EPG* SPG + IPG* SPh*
C ontrol
1 1159 8.3 37.5 31.5 20.5 10.5
6 1696 17.0 34.0 35.0 18.5 12.5
9 1795 33.2 30.0 40.0 16.0 14.0
9 1833 2 1 . 0 32.0 38.0 17.0 13.0
10 1939 33.5 31.0 37.0 18.5 14.5
10 1818 - 31.5 35.5 2 0 . 0 1 2 . 0
11 1891 - 31.0 38.5 18.0 12.5
18 2609 49.3 25.1 38.9 18.5 17.5
24 2818 51.8 27.2 35.8 17.9 19.1
26 3155 53.6 26.5 37.5 16.9 2 1 . 1
M alnourished
21 1395 14.2 40.0 30.0 2 0 .0 1 0 .0
8 1705 13 .3 35.1 34.9 2 1 . 8 8 . 2
1 0 . 1809 23.0 35.5 34.5 19.7 10.3
10 1826 21.9 - - - -
111 1825 24.1 37.5 32.5 18.0 1 2 . 0
12 2096 32.2 34.0 34.5 18.0 13.5
121 2002 24.4 36.5 31.5 18.5 11.5
15 2166 26.6 30.0 38.0 2 1 . 0 9 .0
181 2433 31.1 38.0 30.0 20.5 9 .5
221 2456 26.0 31.1 36.9 19.1 10.9
* See Table 10.
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CHAPTER 7 
EFFECT OF DEVELOPMENT ON THE 
GANGLIOSIDES OF THE HUMAN BRAIN
-  137 -
A. In tro d u c tio n
The most ex tensive  s tu d ie s  o f  th e  changes in  b ra in  gang lio sides 
during development have been in  th e  r a t  (P ritch a rd  and C antin , 1962; 
Suzuki, 1965; Wells and D ittm er, 1967; V anier e t  a l , 1971; Merat and 
D ickerson, 1973), and com paratively l i t t l e  work has been rep o rted  on 
the  gan g lio sid es o f th e  developing human b ra in . The s tu d ie s  o f Suzuki 
(1964; 1965) were lim ite d  to  p o s tn a ta l organs w ith  an a ly s is  o f  s e v e ra l 
d if f e r e n t  p a r ts  o f th fe e  b ra in s ,  w h ils t  Svennerholm (1964) and V anier 
e t  a l  (1971) have rep o rted  on th e  development o f gang liosides in  th e  
human f ro n ta l  co rtex  (p re- and p o s t-n a ta l)  and f ro n ta l  w hite m atte r 
(p o s t-n a ta l o n ly ). V anier and h e r  co lleagues (1971) a lso  rep o rted  
some s tu d ie s  on the  human cerebellum . I t  i s  im possible from th e  work 
so f a r  re p o rte d , however, to  derive  in form ation  about the  ra te s  o f 
a cc re tio n  o f th e  d if f e r e n t  goangliosides in  th e  b ra in  as a whole o r in  
any p a r t ic u la r  anatom ical p a r t  o f i t .  Inform ation o f th is  k ind  seemed 
to  be o f some im portance s in ce  i t  i s  now w ell e s ta b lish e d  th a t  c e r ta in  
e a s ily  d is s e c ta b le  p a r ts  o f  th e  b ra in ,  i . e .  the  fo re b ra in , cerebellum  
and b ra in  stem , have d i s t in c t  p a tte rn s  o f  development w ith  re sp e c t to  
th e i r  c e l l  con ten t and th e  process o f  m yelination  (Dickerson and Dobbing, 
1967a;Dobbing and Sands, 1973) and a lso  w ith  re sp ec t to  t h e i r  g an g lio sid e  
con ten t (Merat and D ickerson, 1973). The p re sen t chap ter d esc rib es  th e  
p re -n a ta l  development o f gang lio sides in  th e  same th re e  p a r ts  o f  th e  
human b ra in . The p o s t-n a ta l  d a ta  o f M erat (1971) have been included  
w ith  th e  p re sen t r e s u l ts  in  o rder to  g ive a comprehensive p ic tu re  o f  th e  
gang lio side  development in  th e  human b ra in .
B. R esults
The changes in  th e  concen tra tions o f  t o t a l  gang lio side  -NANA in
th e  th re e  p a r ts  o f th e  b ra in  a re  shown in  F ig. 29. In the  fo re b ra in , the  
co n cen tra tio n  rose  s te a d ily  to  the  30th week o f g e s ta tio n  and showed l i t t l e  
fu r th e r  change to  term . During the  f i r s t  9 months a f t e r  b i r t h ,  the 
co n cen tra tio n  ro se  to  n ea r mature value . The concen tra tion  o f gang lio side  -  
NANA in  the  b ra in  stem a t  13 weeks' g e s ta tio n  was h ig h e r , and th a t  in  
the  cerebellum  was low er, than th e  corresponding value in  the  fo reb ra in .
The con cen tra tio n  in  th e  b ra in  stem rose  to  th e  30th week, bu t the e x ten t 
o f  the  r i s e  (about 501) was le s s  than  th a t  in  the  fo reb ra in  (about 2001).
In c o n tra s t to  th e  fo re b ra in , th e  co n cen tra tio n  o f gang lio side  -  NANA 
in  th e  b ra in  stem remained, a t  approxim ately th e  le v e l  reached a t  the  30th 
week o f g e s ta tio n  through to  the  26th month a f t e r  b i r th .  The co n cen tra tio n  
o f gang lio side  -  NANA in  the  cerebellum  d id  n o t appear to  change in  a
re g u la r  fash ion  u n t i l  about term , when i t  began to  r i s e  to  reach a peak
value a t  about 9 months a f t e r  b i r t h .  As in  th e  fo re b ra in , th e  co n cen tra tio n  
then appeared to  f a l l  somewhat up to  26 months. The con cen tra tio n  in  the  
cerebellum  befo re  b i r t h  was lower than  in  e i th e r  the  fo reb ra in  o r th e  b ra in  
stem , bu t n f t e r  b i r th  th e  co n cen tra tio n  was h ig h er than in  the  b ra in  stem 
and comparable to  those in  the  fo reb ra in .
The ab so lu te  amount o f g ang lio side  -  NANA in  each p a r t  o f  th e  b ra in
in creased  up to  about 9 months a f t e r  b i r t h  when i t  tended to  le v e l  o f f  (F ig .3 0 ), 
and in  each p a r t  th e  la rg e s t  in crease  occurred between b i r th  and 9 months o f 
age. The r i s e  in  th e  cerebellum  was, however, r a th e r  f a s t e r  than  th a t  in  
the  o th e r two p a r ts .
There was a d iffe re n c e  in  the  p a t te rn  o f gang lio sides p re se n t in  th e  
d if f e r e n t  p a r ts  o f  th e  b ra in  during th e  p e rio d  s tu d ied . Thus, in  th e  fo re b ra in  
a t  th e  15th week o f g e s ta tio n  (Fig. 31) , Gpp co n trib u ted  about 38% o f  th e  t o t a l  
gang lio sides on a molar b a s is  and GQpa about 26%. The p ro p o rtio n  o f G j ^  
then  in creased  ra p id ly  u n t i l  about th e  20 th  week o f g e s ta tio n  and more slow ly
up to  th e  35th week, followed by a rap id  in crease  up to  f u l l  term , when i t  
co n trib u ted  about 70% o f th e  t o t a l .  A fte r  b i r t h ,  th e  p ro p o rtio n  declined  
to  about 50% by 9 months o f age and remained a t  th i s  le v e l through to  26 
months. The p ro p o rtio n  o f th e  t o t a l  gang liosides co n trib u ted  by 011 
the o th e r hand, decreased to  a value o f about 10% a t  b i r th  and remained a t  
about th e  same le v e l through to  26 months o f  age. The m olar percen tage o f
f e l l  from 20% a t  13 weeks’ g e s ta tio n  to  about 5% a t  term , and in creased  
again to  a d u lt  le v e l o f  15% by 9 months o f age. A fte r  an i n i t i a l  r a th e r  
rap id  f a l l ,  th e  co n tr ib u tio n  o f continued to  in c rease  w ith  age and 
reached a le v e l  o f  25 -  30% a t  the  end o f the  f i r s t  y ea r a f t e r  b i r t h  and 
remained unchanged th e re a f te r .
In th e  cerebellum  (Fig. 32), as in  the  fo re b ra in , th e  co n tr ib u tio n s  o f 
G ^ a and G ^  appeared to  change re c ip ro c a lly  w ith  th e  p rogress o f  development, 
bu t by b i r t h  Gr^ was th e  most abundant gang lio side  and co n tr ib u te d  about 50% 
of the  t o t a l  g an g lio s id es , whereas G^^a co n tr ib u ted  about 25%. A fte r  b i r t h ,  
w hile th e  p ro p o rtio n  o f G^^a remained unchanged, th a t  o f  G ^  f e l l  down to  30% 
a t  one y ea r  o f age and then remained unchanged. The co n tr ib u tio n s  o f  G ^^ 
and G ^  bo th  in creased  w ith  development. However, th e  p ro p o rtio n  o f G ^^ 
le v e lle d  o f f  a t  one y ea r o f age, w hile th a t  o f  G ^  continued to  in c rease  
through to  th e  end o f th e  second y ea r. In th e  b ra in  stem (F ig. 33), as in  
the  fo re b ra in , G ^ a was the  most abundant gan g lio sid e  a f t e r  about th e  20 th  
week o f g e s ta tio n , and the  p roportions o f th is  gan g lio sid e  and Gtq again  
appeared to  change re c ip ro c a lly . The p roportions o f  th ese  two g an g lio sid es  
in  the b ra in  stem /were, however, more s im ila r  than  in  th e  fo re b ra in  w ith  the  
p roportion  o f G ^ a being lower and th a t  o f Gpp being  h ig h er. The p ro p o rtio n s  
o f G ^  and G ^  a lso  changed l i t t l e  during th e  p e rio d  s tu d ied .
When th e  changes in  t o t a l  amounts o f th e  d i f f e r e n t  m ajor g an g lio s id es  in
the  fo re b ra in  were considered  (Fig. 34) i t  was found th a t  from th e  5th month 
o f p o s t-n a ta l  l i f e  the  amounts o f G ^ ,  G ^^ and G^p remained p r a c t ic a l ly  
c o n s ta n t, whereas th e  amount o f Gp^a continued to  in c rease  15) to  26 months 
o f  age. This continued p o s t-n a ta l  in c rease  o f Gppa was, however, n o t 
observed in  e i th e r  the  cerebellum  o r the  b ra in  stem.
C. D iscussion
R esu lts  ob ta ined  in  th e  p resen t study provide d e ta ile d  inform ation  
about th e  g an g lio sid es  o f th e  developing human fo re b ra in , cerebellum  and 
b ra in  stem. The grey and w hite m atters o f  the  fo reb ra in  were s e p a ra te ly  
s tu d ie d  by Svennerholm and h is  a sso c ia te s  (Vanier e t  a l , 1971; Svennerholm 
and V anier, 1972),and Cumings e t  a l  (1958) a lso  p resen ted  some d a ta  on the 
human c e re b ra l co rte x . The p re sen t d a ta  show d iffe ren ces  between th e  various 
b ra in  regions in  both  the  concen tra tion  o f gang liosides and t h e i r  developmental 
p a t te rn ,  and s im ila r  v a r ia tio n s  have been rep o rted  in  th e  grey and w hite 
m atters  o f  th e  fo re b ra in  (Vanier e t  a l , 1971). Thus, th e  co n cen tra tio n  o f 
g an g lio sid e  -  NANA in  the  fo reb ra in  and cerebellum  reached th e  a d u lt  le v e l 
a t  about 9 months o f age, whereas in  the  b ra in  stem , no ap p rec iab le  change 
in  the  co n cen tra tio n  was observed a f te r  30 weeks g e s ta tio n . There was a 
d iffe re n c e  in  th e  r a te  o f gang lioside  accum ulation in  th e  fo re b ra in  and 
cerebellum . In th e  fo reb ra in  gang lio sides in creased  during  two d i s t i n c t  
phases o f  development; th e  f i r s t  phase was between the  13th and th e  30th week 
o f  g e s ta tio n  and th e  second from b i r th  to  9 months o f age. In th e  cerebellum , 
on the  o th e r  hand, most o f  th e  in crease  in  th e  gang lio sides occurred  during 
th e  f i r s t  9 months a f t e r  b i r th .  The f i r s t  phase o f  rap id  g an g lio sid e  sy n th es is  
in  th e  fo re b ra in  occurs a t  th e  time o f  ra p id  m u ltip lic a tio n  
o f  neurones (Dobbing and Sands, 1973) whereas th e  second phase occurs a t  a 
tim e when th e re  i s  ex tensive  estab lishm ent o f m icro-neuronal in te rco n n ec tio n s  
(M cllwain, 1955) . . S im ilar peaks a lso  seeming to  correspond w ith  th ese
events were id e n t i f ie d  in  the  r a t  cerebrum by V anier e t  a l  (1971). They 
overlooked the  f i r s t  peak in  th e  human b ra in , presumably because they had 
a sm alle r number o f  fo e ta l  b ra in s . This apparent l in k  between gang lioside  
accumulation and neuronal development i s  in  agreement w ith  th e  observation  
o f Derry and Wolfe (1967) th a t  gang liosides are  p r im a rily  neuronal l ip id s  
and th a t  the d ep o s itio n  o f gangliosides occurs during  development a t  a 
time corresponding to  a c tiv e  neuronal in crease  and expansion o f  d e n d r itic  
su rface  a rea .
I t  i s  n o t easy to  make a comparison o f the  r e s u l ts  fo r  th e  co n cen tra tio n  
o f gang liosides in  th e  fo reb ra in  o f  the  p re sen t study  w ith  those  in  the  
l i t e r a tu r e  s in c e , as mentioned e a r l i e r ,  the  few human s tu d ie s  c a r r ie d  out 
e a r l i e r  were concerned w ith  sep a ra te  an a ly sis  o f  th e  c e re b ra l grey and w hite 
m atters (Cumings e t  a l ,  1958; Svennerholm, 1964; V anier e t  a l ,  1971; 
Svenneiholm and V an ier, 1972), and the  concen tra tions o f  g an g lio sid e  -  NANA 
in  these t is s u e s  become in c rea s in g ly  d if f e r e n t  as the  b ra in  m atures. The 
values fo r  grey m a tte r  a re  h ig h er than  those fo r  w hite m a tte r , although 
Svenneiholm1 s (1964) d a ta  in d ic a te  th a t  the  two values are  n o t s ig n i f ic a n t ly  
d if f e re n t  during th e  fo e ta l  p e rio d . Thus when an approximate comparison i s  
made, i t  i s  seen th a t  the  p re se n t f o e ta l  fo re b ra in  values a re  in  good 
agreement w ith  th e  co rtex  values o f Cumings e t  a l  (1958) whereas they  a re  
lower than  those rep o rted  by V anier e t  a l  (1971) o r Svennerholm and V anier 
(1972), e sp e c ia lly  a t  the  e a r ly  fo e ta l  ages and a t  b i r t h .  The values a t  
around 30 weeks g e s ta tio n  (approx. 1 ymole NANA/g f re sh  t is s u e )  a re ,  
however, the  same as t h e i r  v a lu es . The cause o f th is  d iscrepancy  i s  n o t 
c le a r .  Suzuki’s (1964) method was used in  the  p re se n t s tu d y , and 
ganglioside -  NANA values obtained  by Suzuki (1965) fo r  th e  r a t  b ra in  
were the  same as those  observed by V anier e t  a l  (1971), although Svennerholm 's 
group suggest th a t  gang lio sides are  lo s t  during e x tra c tio n  by Suzuki’s
method. In  th e  experim ent on r a t s  (Chapter 8) Suzuki’s d o u b le -ex trac tio n  
method was employed and s im ila r  values were obtained  to  those rep o rted  by 
Vanier e t  a l  (1971). D ifferences in  the  methodology may th e re fo re  n o t be 
the cause o f th e  above discrepancy. Brains o f the  p re sen t s tudy  were 
obtained from fo e tu ses  o f norm al, w ell-nourished  mothers w ith  no 
neu ropatho log ical symptoms. More ex tensive  in v e s tig a tio n s  w ith  a la rg e r  
number o f b ra in s  could p o ss ib ly  so lve the  disagreem ent between th ese  two 
s tu d ie s .
The s t r ik in g  d iffe re n c e  in  the  developmental p a tte rn s  o f  th e  m ajor 
gangliosides o f  th e  fo re b ra in , cerebellum  and b ra in  stem i s  notew orthy and 
is  in  sharp  c o n tra s t  to  th e  developmental p a tte rn s  o f the  phospholip ids 
(Chapter 6 ) .  Profound changes in  the  p a t te rn  occurred in  th e  fo re b ra in  and 
the cerebellum , m ostly during  th e  fo e ta l  p e rio d , and th e  a d u lt  p a t te r n ,  w ith
S i
is  almost e s ta b lis h e d  by 9 months o f  age. P u tre sc in e , the  diamine p rec u rso r  
o f the polyam ines, in creased  in  the  fo reb ra in s  in  the  same way as 
(Chapter 4 ) ,  and i t  has been suggested th a t  polyandries and g an g lio sid es  may 
somehow be r e la te d  to  each o th e r during e a r ly  b ra in  development. In  the  
b ra in  stem , on the  o th e r hand, th e re  was no change in  e i th e r  the  
co n cen tra tio n , o r  th e  p a t te rn ,  a f t e r  30 weeks g e s ta tio n a l age. The peak 
values o f G ^ a in  th e  fo re b ra in  and G ^ in  the cerebellum  were reached  a t  
b i r th .  A fte r  b i r t h ,  t h e i r  r e la t iv e  p roportions d ec lined  and th e  p ro p o rtio n  
o f the m ono-sialoganglioside in creased . This decrease in  th e  Gp^a/G ^  
r a t io  in  th e  fo reb .ra in , o r  G ^ /G ^  r a t io  in  the cerebellum , may e x p la in  th e  
slow d ec lin e  during  the  l a t e r  p e rio d  o f development in  the  c o n c en tra tio n  
o f t o t a l  g an g lio sid e  - NANA in  th ese  b ra in  reg io n s.
The g an g lio sid e  p a t te rn  in  the  fo reb ra in  o f the  p re se n t s tudy  i s  s im ila r  
to  the  whole b ra in  p a tte rn  observed by Suzuki (1965) and alm ost comparable 
to  the co rtex  p a t te rn  o f  V anier e t  a l  (1971). The l a t t e r  a u th o rs , however, 
observed a h ig h e r p ro p o rtio n  o f G ^ . This again  ra is e s  th e  a lre a d y  m entioned
in  th e  fo re b ra in  and G™ m  th e  cerebellum  as the  predominant f r a c t io n s ,
problem o f methodology, fo r  Suzuki’s (1965) p o s t-n a ta l  values fo r  G ^ ,
251 -  35% on m olar b a s is ,  a re  in  p a r a l le l  w ith  ours (25% -  30%), as ag a in s t 
40% in  the  co rtex  and 60% in  the  w hite m atter in  the  study o f V anier and 
h e r  co lleagues, V anier e t  a l  (1971) suggested th a t  G ^  gang lio side  i s  
p r e fe r e n t ia l ly  l o s t  by Suzuki’s method, b u t th i s  claim  cannot be su b s ta n tia te d  
when Suzuki e t  a l ' s  (1967) m yelin study  i s  considered where they have shown 
G ^  c o n s ti tu tin g  80% -  90% o f  th e  t o t a l  gang liosides in  m yelin. Whether 
th e re  i s  any r e a l  d iffe re n c e  between the two methods under d iscu ss io n  o r 
whether the  d iffe re n c e  in  the  values o f e x tra c te d  gang lio sides in  both  
con cen tra tio n  and p a t te r n ,  i s  due to  any p o ss ib le  d iffe re n ce  in  the  time 
lapse  between death  and subsequent removal o f th e  b ra in  o r  in  th e  s to rag e  
tim e, i s  y e t  to  be reso lv ed . Some o f th e  b ra in s  in  the  Svennerholm study  
were s to re d  fo r  10 years befo re  e x tra c tio n . Only b ra in s  c o lle c te d  and 
s to re d  over a maximum p e rio d  o f th re e  to  fou r years were taken fo r  th e  
p re se n t study.
Vanier and h e r  colleagues a lso  rep o rted  th a t  G ^  was th e  most abundant 
gang lio side  in  th e  cerebellum  a t  10 months o f age, whereas in  th e  p re se n t 
s e r ie s  and in  th e  th re e  specimens analysed by Suzuki, th e  t r i s ia lo g a n g l io s id e ,  
G^p was th e  most abundant sp e c ie s . As Suzuki’s method was used in  the  
p re se n t s tudy , th e  d iffe re n c e s  a re  probably due to  d iffe re n ce s  in  
methodology.
The developm ental p a t te rn  o f  th e  m ajor gang lio sides in  th e  human 
fo reb ra in  rep o rted  in  th e  p re se n t study i s  very s im ila r  to  th a t  found 
p rev io u sly  fo r  th e  r a t  (Morat and D ickerson, 1973). A fu r th e r  p o in t o f  
s im ila r i ty  between th ese  two species  i s  th a t  the  major g an g lio sid e  in  the  
cerebellum  o f  both  man and th e  r a t  i s  G ^ . One p o in t o f  d iffe re n c e  between 
the  two sp e c ie s , however, i s  th a t  in  the  human b ra in  stem , GD^ a i s  th e  
major g an g lio s id e , whereas in  the r a t  th e  m ajor gang lio side  from 21 days
onwards i s  The two s p e c ie s  d i f f e r  in  th e  tim ing  o f  th e  major changes
in  gang lioside  p a t te rn  w ith  re sp e c t to  b i r t h ,  fo r  whereas in  the  human the 
major changes in  the p roportions o f th e  d if f e r e n t  g ang lio sides in  the  
fo re b ra in  and cerebellum  occur befo re  b i r t h ,  in  th e  r a t  they occur during 
the  f i r s t  th re e  weeks a f t e r  b i r th .  These find ings are in  accordance w ith  
the  d if f e r e n t  tim ing o f th e  b ra in  growth s p u r t in  th ese  two sp ecies  (Davison 
and Dobbing, 1968) and a re  in  accordance w ith  the observations o f o thers  
(Vanier e t  a l ,  1971).
I t  seems reasonable to  attem pt to  r e la te  the  changes in  the  p ro p o rtio n s  
o f th e  d if f e r e n t  gang lio sides in  th e  b ra in  to  changes in  the p ro p o rtio n s  o f 
d if f e re n t  membranes. The in c rease  in  G ^ a in  th e  human c e re b ra l co rtex  
(Vanier e t  a l ,  1971) and in  th e  r a t  fo re b ra in  (Merat and D ickerson, 1973) 
has been a t t r ib u te d  to  an in c rease  in  d e n d r itic  a rb o riz a tio n  and neuronal 
connection. W hilst th i s  seems to  be a  reasonable assum ption, i t  would seem 
th a t  firm  in te rp re ta t io n  w il l  be p o ss ib le  only when th e  developm ental 
changes o f the  d if f e re n t  gan g lio sid es in  th e  various membranes o f th e  human 
b ra in  are  known. However, in  th e  ad u lt r a t  (Avrova e t  a l ,  1973), guinea 
p ig  (Eichberg e t  a l ,  1964) and ra b b it  (Hamberger and Svennerholm, 1971), 
the  gang lio side  p a tte rn s  in  th e  co rtex  su b c e llu la r  p a r t i c le s ,  excep ting  
m yelin, are  alm ost s im ila r  to  the  p a t te rn  in  th e  whole co rtex .
The amount o f gang lio side  in  m yelin i s  very sm all and p re se n t m ostly  as 
and th e  p ro p o rtio n  o f th is  f u r th e r  in creases  w ith  m atu ra tio n  o f  th e  
myelin (Suzuki e t  a l ,  1967). O ther changes in  th e  com position o f  m yelin 
during development have a lso  been rep o rted  (Cuzner and Davison, 1968; Banik 
and Davison, 1969). I t  could be th a t  some o f th e  changes in  th e  g an g lio sid e  
p a tte rn  in  th e  whole b ra in  regions a re  *to be a t t r ib u te d  to  a m atu ra tio n  
process in  th e  various membranes as w ell as an in c rease  in  th e  amounts o f 
th ese  membranes. The marked in c rease  in  G^ a f t e r  b i r th  p robably  r e f l e c t s
myelin d ep o sitio n  which occurs a t  th a t  tim e.
•The fo reb ra in s  o f ch ild ren  dying w ith  p ro te in -en erg y  m a ln u tritio n  
have been found to  co n ta in  too l i t t l e  g ang lio side  -  NANA fo r  th e i r  age 
and a lso  fo r  th e i r  weight (Merat, 1971). The d e f i c i t  was e n t i r e ly  due to  
a d e fic ien cy  in  G ^ a which was th e  only m ajor gang lio side  found to  be 
accum ulating during p o s t-n a ta l  l i f e .  I t  i s  to  be e s ta b lish e d  i f  th ese  
changes a re  due to  an e f fe c t  o f  p ro te in -en erg y  m a ln u tritio n  on d e n d r itic  
development. Such an exp lanation  o f th e  find ings would seem l ik e ly ,  
s in ce  Bass e t  a l  (1970) and Cragg (1972) have rep o rted  th a t  u n d e m u tritio n  
during  e a r ly  l i f e  in  the  r a t  re ta rd s  th e  growth o f d e n d r itic  sp in es .
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CHAPTER 8
EFFECT OF DEVELOPMENT, AND OF UNDERNUTRITION 
BEFORE AND AFTER BIRTH, ON THE GANGLIOSIDES 
OF THE RAT BRAIN
PART I .  CONTENTS OF TOTAL GANGLIOSIDES 
AND THE DISTRIBUTION OF THE 
MAJOR SPECIES
A. In tro d u c tio n
Few s tu d ie s  have been made o f the  e f f e c t  o f  u n d e m u tritio n  o r 
m a ln u tritio n  on th e  gangliosides o f  the developing b ra in . M erat (1971) 
s tu d ied  th e  b ra in s  o f  p ig s m alnourished from an e a r ly  age and Merat and 
Dickerson (1974) s tu d ie d  th e  b ra in s  o f  r a t s  o f  mothers who were fed  a 71 
p ro te in  d ie t  during  g e s ta tio n  and la c ta t io n .  In  the  p ig s  undernourished 
fo r  a year from 2 weeks o f  age, the  concen tra tion  o f g an g lio sid es was 
ra ise d  in  th e  fo re b ra in  and the  b ra in  stem, and in  p igs fed  th e  low -pro te in  
d ie t  fo r  the  same p e rio d  o f  tim e, an in creased  co n cen tra tio n  was found in  
the  fo re b ra in , cerebellum  and b ra in  stem. On the  o th e r hand, in  the  b ra in s  
o f th e  r a ts  m alnourished befo re  and a f t e r  b i r th ,  the  g an g lio sid e  co n cen tra tio n  
was reduced in  each brain  reg ion  between 7 and 21 days o f  age. These 
authors a t t r ib u te d  th is  reduction  o f  gang lio sides in  th e  r a t  to  a red u c tio n  
o f  d e n d r itic  a rb o r iz a tio n .
The p re se n t s tudy  was undertaken to  f in d  i f  u n d e m u tr itio n  in  e a r ly  
l i f e  in  the  r a t  produces a change in  the  com position o f s u b c e llu la r  s tru c tu re s  
o f th e  b ra in . Rats were undernourished by g iv ing  th e i r  mothers 50% o f 
the  food consumed by th e  co n tro l animals from th e  6th  day o f  co p u la tio n  
and through la c ta t io n .  A fte r  weaning, the  anim als were continued on the  
r e s t r i c te d  amount o f  food up to  121 days o f  age. The co n cen tra tio n  o f  
ganglioside-NANA, and.the. d is t r ib u t io n  o f  th e  m ajor species  in  
the  fo reb ra in , cerebellum , and b ra in  stem, and in  th e  s u b c e llu la r  f ra c t io n s  
o f the  fo reb ra in  o f  th ese  r a ts  a t  various ages a f t e r  weaning, were 
compared w ith  those  o f  the  app ropria te  age co n tro ls .
B. R esu lts
(a) E ffec t o f  u n d e m u trit io n  on body w eight and b ra in  w eight
Tables 13 and 14 show th a t  feeding female r a ts  501 o f  th e  amount o f  
food eaten  by th e  co n tro ls  re su lte d  in  s ig n i f ic a n t ly  lower (p <0 .0 1 ) body
w eights and b ra in  w eights o f  the  o ffsp rin g  a t  b i r th .  At 21 and 121 days 
a f t e r  b i r th ,  th e  body w eights o f  the  pups suck led  by the  undernourished 
mothers were 58% and 40%, re sp e c tiv e ly , o f  those o f  the pups suck led  by 
the  w e ll- fe d  m others, and the  b ra in  weights were 91% and 83%, re sp e c tiv e ly , 
o f  the  co n tro l values. However, the w eights o f  th e  d if f e r e n t
regions o f  the  b ra in  were a f fe c te d  to  d if f e re n t  degrees. Thus, a t  day 21, 
the  cerebellum  was most a ffe c te d , follow ed by th e  fo re b ra in , w ith  no 
e f f e c t  on th e  b ra in  stem (Table 14). From day 51 onwards, however, under­
n u t r i t io n  produced a more marked re ta rd a tio n  o f  growth o f  th e  b ra in  stem 
than  i t  d id  o f  e i th e r  th e  fo reb ra in  o r  th e  cerebellum . The d iffe re n c e  in  
body w eight as w ell as in  th a t  o f  the  b ra in  w eight o f  the  undernourished 
and th e  co n tro l r a t s  was more pronounced in  th e  males than  in  th e  fem ales, 
and, as expected, th e  b ra in  weight:body w eight r a t io  o f  the  undernourished 
r a t s  was h ig h er than  th a t  o f  the  co n tro ls  (F ig. 35).
(b) E ffe c t o f  u n d e m u trit io n  on the  gang lio side  o f  th e  gross p a r ts  o f  th e  b ra in
(1) F orebrain
F ig ,36 shows th a t  th e  con cen tra tio n  o f  t o t a l  ganglioside-NANA in  the  
fo re b ra in  o f  the  co n tro l r a ts  in c reased  fo r  31 days a f t e r  b i r t h  w ith  l i t t l e  
in c rease  th e r e a f te r .  In  the  undernourished r a t s ,  the  co n cen tra tio n  a t  
21-22 days o f  age was h ig h er (p c.001) than  in  th e  co n tro ls  (Table 15).
The co n cen tra tions a t  31 and 51 days o f  age were comparable w ith  th e  co n tro l 
v a lu e s . At l a t e r  ag es , however, the values were about 10% low er than  in  
the c o n tro ls , and th e i r  d iffe ren c e  was s t a t i s t i c a l l y  s ig n i f ic a n t  (p <0 .0 0 1 ) .  
Lower values fo r  the  ab so lu te  amounts o f to t a l  ganglioside-NANA were found 
from 31 days, and a t  th i s  and the  subsequent ages examined, th e  p ercen tage 
reduction  in  t o t a l  gang lio sides was more than expected from th e  red u c tio n  
in  th e  fo re b ra in  w eight (Table 15).
The g an g lio sid e  p a t te rn  o f  the  co n tro l fo re b ra in  d id  n o t change
appreciab ly  a f t e r  21 days o f.ag e  (Fig. 37). However, th e re  was a slow 
decrease in  the p ro p o rtio n  o f  Gj^a and a slow in crease  in  th a t  o f  bo th  G j^  
and G ^ . G ^  a lso  in c reased  during the  l a t e r  s tag e  o f  development. The 
ganglioside p a t te rn  o f  th e  fo re b ra in  o f  the  undernourished r a t s  was s im ila r  
to  th a t  in  th e  co n tro ls  except th a t  the  p ro p o rtio n  o f  G ^  was a l i t t l e  
h igher (p <.05) and th a t  o f  Gj^a correspondingly  lower (p < .0 5 ). In 
abso lu te  te im s, th e  amount o f  G ^ a was s e le c t iv e ly  reduced from 51 days 
o f  age onwards (Table 15) w hile G ^  and G ^^  were a lso  reduced a t  l a t e r  ag es . 
The amount o f  G ^  was the  same as in  the  co n tro ls  a t  a l l  ages (Table 15) .
(2) Cerebellum
In the  c o n tro l r a t s  the  co n cen tra tio n  o f  t o t a l  ganglioside-NANA in  
the  cerebellum  rose  s te a d ily  to  a peak value a t  day 51 and subsequently  
f e l l  to  a n ea r mature value a t  day 81 (F ig . 36). As in  th e  fo re b ra in , a t  
day 2 1 , the  co n cen tra tio n  in  th e  cerebellum  o f  the  undernourished r a t s  was 
h igher (p < . 001 ) than  in  the  co n tro ls  (Table 16). A fte r  31 days, however, 
the co n cen tra tio n  was s ig n if ic a n t ly  low er, and the red u c tio n  was more 
marked than in  th e  fo re b ra in . The ab so lu te  amount o f  ganglioside-NANA in  
the cerebellum  o f  th e  undernourished r a t s  was no t s ig n i f ic a n t ly  low er a t  
21 days, b u t from 31 days onwards, was lower than  in  c o n tro ls  o f  th e  same 
age. As in  th e  fo re b ra in , th i s  red u c tio n  was more than  th e  red u c tio n  o f  
the cerebellum  w eight.
Unlike th e  c e re b ra l g an g lio s id es , th e  p a t te rn  o f th e  c e re b e lla r  
gangliosides changed ap p rec iab ly  during normal development (F ig . 38 ). At 
day 21, G^^a was th e  predominant f ra c t io n , follow ed by G ^ . With age, the  
proportion  o f  Gj^a f e l l  and th a t  o f  G ^  ro se , re c ip ro c a lly . As a r e s u l t ,  
a t  day 121, G ^  was th e  most abundant g an g lio sid e . No ap p rec iab le  changes 
took p lace  in  th e  p ro p o rtio n s  o f th e  o th e r two major g a n g lio s id e s , G ^ ^  
and G ^ . In  th e  cerebellum  o f  the undernourished anim als (F ig . 38).,, th e  
p roportion  o f  G ^ a f e l l  too , b u t a f t e r  day 31, th a t  o f  G^ ,^  remained
p ra c t ic a l ly  co n s tan t. The p roportions o f  GDlb and G ^ , on th e  o th e r  hand, 
ro se , ‘and a t  81 and 121 days, the  p ro p o rtio n s o f  a l l  the  m ajor g ang lio sides 
were s im ila r  to  each o th e r . The abso lu te  amount o f G ^  (Table 16) was lower 
than in  the  co n tro ls  from day 51. The to t a l  amount o f G ^ a was a lso  lower 
a t  l a t e r  ages, bu t th e  amount o f  e i th e r  G ^^  o r  remained u n affec ted .
(3) Brain stem
In th is  p a r t  o f th e  b ra in , the  concen tra tion  o f  ganglioside-NANA rose 
sh a ip ly  during normal development to  reach  a peak value a t  day 31 (F ig. 36).
The concen tra tion  then  f e l l  f i r s t  slow ly and then ra p id ly  to  reach  a 
mature value a t  day 81. In  the  b ra in  stem o f the  undernourished anim als, 
the concen tra tions o f  lipid-NANA a t  21 and 31 days o f  age were h ig h er (p <.001) 
than in  the  c o n tro ls , b u t a t  subsequent ages, the concen tra tions as w ell as 
the abso lu te  amounts were s ig n if ic a n t ly  lower than  the c o n tro l values (Table 17)
G j^  was the  major gang lio side  o f the  b ra in  stem o f  th e  co n tro l r a t s  
from th e  age o f 31 days onwards (F ig .38) b u t in  th e  b ra in  stem o f th e  
undernourished r a t s ,  the  major g an g lio sid e  was G ^ .  However, th e  ab so lu te  
amount o f G ^  (Table 17) was th e  same in  both  groups, w hile th a t  o f  each o f  
G ff, Gj^a and G ^^  was lower in  the  undernourished group than in  th e  c o n tro l.
(c) E ffe c t o f  u n d e m u tritio n  on th e  gang lio sides o f  the s u b c e llu la r  f ra c t io n s  
o f the  fo reb ra in
S u b ce llu la r f ra c tio n a tio n  o f the  fo reb ra in  follow ed by g an g lio sid e  
determ ination  in  each f ra c t io n  showed th a t  the gang lio sides were p r im a rily  
lo ca ted  in  the  microsomes and the synaptosomes (Table 18). The m itochondria l 
and n u clear f ra c tio n s  a lso  contained some gang liosides and th e re  was a 
sm all amount in  th e  m yelin f ra c t io n  too .
The values fo r  the gang lio sides in  each su b c e llu la r  f r a c t io n  a re  th e  
means o f  d u p lica te  determ inations in  a s in g le  p a r t ic u la te  f r a c t io n  o b ta in ed  
from pooled fo re b ra in s , and expressed as th e  amounts o f g an g lio sid es  in  th a t
f ra c tio n  p e r  gm fo re b ra in  o r  p e r  fo re b ra in . The recovery o f  gang lio sides 
during su b c e llu la r  f ra c t io n a tio n  was always more than 70% (Table 18). 
and was id e n t ic a l  in  th e  c o n tro l and th e  undernourished groups.
(1) Microsomes
The in c rease  in  microsomal g an g lio sid es  a f t e r  31 days o f age, l ik e  
th a t  in  the  whole fo re b ra in , was minimal, and the  co n cen tra tion  in  th e  
undernourished anim als was lower than  in  th e  c o n tro ls  a t  81 and 121 days 
o f  age (Fig. 36). The changes in  g an g lio sid e  p a t te rn  in  the microsomes 
(F ig. 37) were id e n t ic a l  to  those in  th e  fo re b ra in , b u t the  microsomes 
contained a s l ig h t ly  h ig h er p ro p o rtio n  o f  G ^ .  U n d em u tritio n  had p r a c t ic a l ly  
no e f fe c t  on th e  p a tte rn s  o f  g an g lio sid es  in  th e  microsomes (F ig .37). As a
r e s u l t ,  the  abso lu te  amount o f each g an g lio sid e  was p ro p o rtio n a te ly  lower 
than  in  the  co n tro ls  from 81 days onwards (Table 19).
(2) Synaptosomes
The co n cen tra tio n  o f  g an g lio sid es in  th e  synaptosomes o f  the  co n tro l
t
r a ts  (F ig .36) ro se  sh a rp ly  during the  f i r s t  10  days a f t e r  weaning, and 
subsequently  ro se  slow ly u n t i l  the anim als were 121 days o ld . At 21 days, 
the  concen tra tion  o f  gang lio sides in  th e  synaptosomes o f  the undernourished 
r a t s  was markedly h ig h er than in  th e  c o n tro ls .  During th e  n ex t 10 days, 
the  co n cen tra tion  rose by 24%, conpared w ith  a r i s e  o f  66% in  th e  c o n tro ls .
The r e s u l t  o f  th ese  changes was th a t  a t  31 days o f  age, the  concen tra tio n s  
in  both groups were comparable. F u rth e r u n d e m u tr itio n  re s u lte d  in  a slow er 
accum ulation o f  g an g lio s id es , both in  teim s o f co n cen tra tion  and ab so lu te  
amounts. At 121 days,, the  t o t a l  amount o f  gan g lio sid es p re se n t in  th e  
synaptosomes p e r  fo re b ra in  in  the  undernourished r a ts  was 75% (Table 20) o f  th a t  
in  the  co n tro ls . During th e  noimal development, the  p ro p o rtio n  o f  G ^  ro se  
w hile th a t  o f  .G ^  f e l l  u n t i l  day 51, and th e  mature p a t te rn  was alm ost 
e s ta b lish e d  by th is  age (F ig .3 9 ) .  In  th e  undernourished r a t s ,  th e  ab so lu te
amount o f  (Table 20) was lower than in  the  co n tro ls  from the  age o f 
31 days onwards. The amount o f  was a lso  low a t  l a t e r  ages b u t the 
amounts o f  bo th  G ^ a and GDlb remained comparable to  those in  th e  c o n tro ls .
(3) M itochondria
The con cen tra tio n  o f gang liosides a lso  in c reased  in  th i s  f ra c t io n ,  
and by 51 days o f  age i t  had r is e n  by about 50% to  reach the  m ature value 
(F ig .3 6 ). The con cen tra tio n  in  the  m itochondria from the  fo reb ra in s  o f  
the  undernourished r a ts  was always h ig h er than  in  th e  c o n tro ls  and rose 
w ith  age, reach ing  a mature value , which was h ig h er than th a t  o f  the  
c o n tro ls , a t  81 days o f  age. In  s p i te  o f  the  lower b ra in  w eight o f  the  
undernourished r a t s ,  the  to t a l  amount o f  g an g lio sid es  p re sen t in  th e  
m itochondria o f  th is  group o f  animals was h ig h er than  in  th e  co n tro ls  (Table 21).
In the  c o n tro l r a t s ,  the  gang lio side  p a t te rn  in  th e  m itochondria (F ig 41 ) 
was s im ila r  to  th a t  in  the fo re b ra in , b u t, l ik e  the  microsomes, th e  p ro p o rtio n  
o f G ^  was h ig h er in  the  m itochondria than  i t  was in  the whole fo re b ra in .
In the  undernourished anim als, the abso lu te  amount o f  o r  G ^  was h ig h er 
w hile t h a t i  o f  G ^  lower than  in  the c o n tro ls . The le v e l o f  Gj^b was the  
same in  bo th  groups (Table21) .
(4) Nucleus
The co n cen tra tio n  o f  ganglioside-NANA. in  th e  n u c lea r f r a c t io n  o f  
the co n tro l b ra in  rose  to  a mature value during th e  f i r s t  81 days a f t e r  
b i r th  (Fig. 36). U n d em u tritio n  d id  n o t r e s u l t  in  any apprec iab le  change in  
e i th e r  the  co n cen tra tio n  (Table 22) o r th e  p a t te rn  (F ig .41) o f  th e se  g a n g lio s id e s .
(5) Myelin
The amount o f  gang lio sides in  m yelin was very sm all and a t  21 days o f  
age co n trib u ted  only 0 . 8% (7yg/g fo reb ra in ) o f  t o t a l  g an g lio sid es  in  the  
fo reb ra in  (Table 25) .  However, as the process o f  m yelination  con tinued  w ith  
age, the g an g lio sid es  in c reased  s te a d ily  u n t i l  121 days o f  age. At th i s  age,
myelin con ta ined  16 yg NANA, p e r  gm o f  fo re b ra in . Myelin is o la te d  from 
the  fo reb ra in s  o f  the  undernourished r a t s  a t  21 and 31 days o f  age contained  
the same amount o f  ganglioside-NANA as th e  myelin o f  th e  c o n tro ls . At l a t e r  
ages, however, th e  con ten t o f  lipid-NANA was p ro g ress iv e ly  e lev a ted  as 
compared to  th e  co n tro l le v e l ,  and a t  day 1 2 1 , the  co n cen tra tio n  was alm ost 
tw ice as h igh  (Table 23),
M yelin was d i s t in c t  from the  o th e r  s u b c e llu la r  p a r t ic le s  in  i t s  
g ang lio side  p a t te r n ,  fo r  th i s  was ch a rac te r iz e d  by a h igh  p ro p o rtio n  o f  the  
m onosiakganglioside, G ^ ,  and, consequently , a r e la t iv e ly  low p ro p o rtio n  o f  
o th e r  g an g lio sid es  (F ig. 39). With development, the percen tage co n tr ib u tio n  
o f G ^  g an g lio sid e  fu r th e r  in creased  s te a d ily  and the  c o n tr ib u tio n s  o f  the  
o th e r  gan g lio sid es decreased. At m a tu rity  (day 121), G ^  was alm ost 
the so le  g an g lio s id e  (85% o f  to ta l )  w ith in  th e  n y e lin . U n d em u tritio n  
preven ted  th e  development o f the noimal p a tte rn , fo r  the  p ro p o rtio n  o f  G ^  
showed only  a sm all r i s e ,  w hile G ^  f e l l  slow ly. The p ro p o rtio n s  o f  both  
G ^ a and G j^  a t  day 121 were alm ost the  same as found a t  day. 51. In 
abso lu te  term s, however, the amounts o f  G ^  and G ^  were the  same in  both  
groups w hile those o f  Gj^a and G ^^  were much h ig h er in  the  undernourished 
r a ts  than  in  th e  co n tro l (F ig .40).
C. D iscussion
In  agreement w ith  th e  previous s tu d ie s  (Lee and Chow, 1965; Zamenhof 
e t  a l , 1968, 1971) th e  body and b ra in  weights o f  the  newborn r a t s  o f  th e  
undernourished mothers were le ss  than those o f  the  c o n tro ls . However, th e  
d if f e re n t  b ra in  regions were a f fe c te d  d if f e r e n t ly .  Thus, a t  day 21, the  
cerebellum  w eight was most reduced, follow ed by a  com paratively m ild  b u t 
s ig n if ic a n t  red u c tio n  in  the  fo re b ra in  w eight. The w eight o f  th e  b ra in  
stem, on th e  o th e r  hand, was no t a f fe c te d . This shows th e  g re a te r  
v u ln e ra b il i ty  o f  the  cerebellum  to  n u t r i t io n a l  s ta tu s  in  e a r ly  l i f e  
(Dickerson and Dobbing, 1967b) and c o r re la te s  w ith  th e  fin d in g s  th a t  c e l l
d iv is io n  in  the  r a t  from b i r th  to  21 days o f  age i s  very  rap id  in  the 
cerebellum , r e la t iv e ly  moderate in  the fo reb ra in  and very slow in  the 
b ra in  stem (Fish and Winick, 1969; Merat and D ickerson, 1974). Brain stem 
weight was, however, reduced by u n d e m u tritio n  beyond 31 days o f age. At 
day 1 2 1 , the  b ra in  regions o f  the  undernourished r a ts  were on average 80% 
o f  the re sp ec tiv e  b ra in  regions o f  the  c o n tro ls . At the same age, the 
body weight was 40% o f  the co n tro ls . The s e v e r ity  o f the  e f f e c t  o f  
u n d e m u tritio n  was th e re fo re  o f  a s im ila r  o rder to  th a t  o b ta ined  in  o th e r  
s tu d ie s  (Lee and Chow, 1965; Dickerson and J a rv is ,  1970; Dickerson and 
Hughes, 1972).
Dickerson and J a rv is  (1970) and Merat and Dickerson (1974) rep o rted  
low concen tra tions o f  gang lio sides in  the  b ra in s  o f the  21-d ay -o ld  r a t s ,  
bom  to  mothers fed  a 7% p ro te in  d ie t  during g e s ta tio n  and la c ta t io n .
These authors in te ip re te d  th e i r  r e s u l ts  as in d ic a tin g  reduced d e n d r itic  
development in  th e  undernourished b ra in . This was c o n s is te n t w ith  e a r l i e r  
h is to lo g ic a l  f in d in g s  (Eayrs and Horn, 1955; Cragg, 1972) th a t  neuronal 
in te rconnections were poorly  developed in  r a ts  m alnourished during the  
f i r s t  th re e  weeks o f  l i f e .
In  c o n tra s t to  th ese  o b serv a tio n s , in  the  p re sen t study in  which th e  
mothers were given a r e s t r i c te d  amount o f  the  co n tro l d ie t ,  in s te a d  o f  a 
low -pro te in  one during g e s ta tio n  and la c ta t io n ,  the ganglioside-NANA 
con cen tra tio n  o f  each b ra in  reg ion  and each c e re b ra l s u b c e llu la r  f r a c t io n  
examined was h ig h er in  t h e i r  21-day -o ld  o ffsp r in g , as compared to  th e  age 
co n tro ls . The concen tra tions were, however, reduced a t  l a t e r  ages. The 
d iffe ren ce  in  the  feeding programmes could  be resp o n sib le  fo r  th e  d iffe re n c e  
in  th e  find ings o f  th ese  s tu d ie s . Geison and Waisman(1970) a lso  observed 
a ra is e d  le v e l o f  gang lio sides in  the  b ra in  o f  r a ts  undernourished in  la rg e  
l i t t e r s .  Raised le v e ls  o f  gang lio sides were a lso  found in  th e  b ra in s  o f  
p igs sev ere ly  m alnourished fo r  a y e a r  from 2 weeks o f  age e i th e r  by g iv ing
a r e s t r i c te d  amount o f  a s tandard  d ie t  o r  g iv ing  ad l ib  a low -pro te in  one 
(Merat, 1971). On th e  co n tra ry , in  th e  b ra in  o f  th e  in fa n ts  and ch ild ren  
who d ied from e i th e r  kwashiorkor o r  marasmus, the  co n cen tra tio n  o f  the  
gangliosides was found to  be low (Dickerson, Merat and Waterlow, in  
p re p a ra tio n ) . Both man and th e  p ig  have th e i r  peak r a te  o f  b ra in  growth 
p e r in a ta l ly  (Dickerson and Dobbing, 1967a; Davison and Dobbing, 1968), 
bu t they d i f f e r  in  re sp ec t o f  the gang lio side  p a t te rn  o f  th e  fo re b ra in , 
fo r  w h ils t G,-q  c o n s ti tu te s  th e  m ajor conponent in  the  p ig  (Merat and 
D ickerson, 1973), th e  m ajor gan g lio sid e  in  man i s  G^.^. The fo re b ra in  o f  
the  r a t  d if f e r s  from th a t  o f  th ese  two species  in  th a t  i t s  growth sp u rt 
occurs p o s tn a ta lly  b u t i s  s im ila r  to  th a t  o f  the  human in  th a t  G ^ a i s  
the  major g an g lio s id e , and in  th is  spec ies  p ro te in  d e fic ien cy , b u t n o t 
u n d e m u tritio n , caused delayed gang lio side  accum ulation (Merat and D ickerson, 
1974).
The com paratively h ig h er co n cen tra tio n  o f  g ang lio sides in  th e  b ra in  
o f  the 21-day-o ld  undernourished r a t s  could be due to  an in c reased  sy n th es is  
o f  g an g lio sid es , fo r  the  r a te  o f  in c o ip o ra tio n  o f  la b e l le d  glucosamine 
in to  the  gang lio sides was h ig h er than  in  co n tro ls  between 21 and 31 days 
o f  age (see p a r t  I I ) .  This in creased  sy n th es is  o f  gan g lio sid es cou ld  be 
the  r e s u l t  o f  an enzyme ad ap ta tio n  a t  th i s  s ta g e , whereas th e  reduced 
concen tra tion  o f gang lio sides a t  l a t e r  ages could be due to  a f a i lu r e  o f  
ad ap ta tion  w ith  continued  n u t r i t io n a l  d e p riv a tio n . Such an ad a p ta tio n  
does indeed occur fo r  RNA in  the  p la c e n ta  o f  the  pregnant r a t s  g iven a 
low -protein  d ie t  (Winick e t  a l ,  1972). Whether th is  i s  a lso  t ru e  f o r  the  
b ra in  gang liosides o f  the o ffsp rin g  remains to  be e s ta b lish e d .
The major changes in  the  g ang lio side  p a t te rn  o f th e  r a t  b ra in  take 
p lace  during th e  f i r s t  3 weeks o f l i f e  (Suzuki, 1965; V anier e t  a l , 1971; 
Merat and D ickerson, 1973), bu t i t  i s  ano ther 2 o r  3 months b e fo re  th e  
ad u lt p a t te rn  i s  e s ta b lish e d  (Merat and D ickerson, 1973). However, each
major b ra in  reg ion  has i t s  own s p e c if ic  gang lio side  p a tte rn  (Merat and 
D ickerson, 1973) and th is  has been confiim ed in  the  p resen t s tudy . On 
the o th e r  hand, w ith  the  exception o f  m yelin , a l l  the  su b c e llu la r  s tru c tu re s  
is o la te d  from the  fo reb ra in  had a gang lio side  p a tte rn  s im ila r  to  th a t  o f  
the  whole fo re b ra in  and th is  i s  in  agreement w ith  previous s tu d ie s  (Eichberg 
e t  a l , 1964; Hamberger and Svennerholm, 1971; Avrova e t  a l ,  1973). However, 
in  th e  p re sen t study , the  synaptosomes were found to  have a h ig h er p ro p o rtio n  
o f than  in  th e  fo re b ra in . I t  could be th a t  during su b c e llu la r  
f ra c t io n a tio n  some contam ination o f  the synaptosomes w ith  m yelin, w ith  i t s  
h igh  p ro p o rtio n  o f  G ^ ,  had taken p lace .
The gang lio side  p a t te rn  o f myelin during b ra in  m atura tion  was s im ila r  
to  th a t  found p rev io u sly  by Suzuki e t  a l  (1967) in  pure p rep ara tio n s  o f  CNS 
m yelin o f  r a t s  o f  various ages. The p u r ity  o f  the  myelin p re p a ra tio n  in  
the p re sen t study was th e re fo re  judged to  be s a t is fa c to ry .  The changing 
p a t te rn  during development o f  the gang lio sides w ith in  m yelin may be taken 
as a s u ita b le  index o f  m aturation  o f  the m yelin.
U n d em u tritio n  may be expected to  delay  th e  chemical development o f  
b ra in  s tru c tu re s  th a t  are changing a t  the time when the d ie ta ry  r e s t r i c t io n  
i s  imposed. Thus u n d e m u tritio n  preven ted  more s e le c t iv e ly  the  in c re a se , 
fo r  example, o f  G^^a in  the fo re b ra in , G ^  in  the  cerebellum , and GDlb in  
th e  b ra in  stem. Of p a r t ic u la r  in te r e s t  i s  th e  e f f e c t  o f  u n d e m u tr itio n  on 
the  m yelin g an g lio sid es . The concen tra tion  o f t o t a l  ganglioside-NANA was 
h ig h er in  the  m yelin o f  the  undernourished r a t s  than  in  th e  c o n tro ls , 
in d ic a tin g  th a t  g an g lio sid es , as a whole, are  a poor c r i te r io n  o f  
m yelination . The gang lioside  p a t te rn  i s ,  however, more in fo rm ative . 
U n d em u tritio n  d id  no t p reven t the form ation o f  G ^  (Fig. 40), b u t i t  d id  
p reven t the  disappearance o f  o th e r  g an g lio sid es , p a r t ic u la r ly  th e  two 
d is ia lo g a n g lio s id e s , th a t  noim ally decrease during m yelination . As a
r e s u l t ,  th e  percentage p roportion  o f  was much reduced, and the  p a tte rn  
a t  m a tu rity  was alm ost the  same as a t  younger ages.
The cause o f  the  re te n tio n  o f  the d is ia lo g a n g lio s id e s  in  myelin and 
hence the delay in  i t s  m aturation  i s  no t known. I t  has been suggested th a t  
e a r ly  immature m yelin i s  conposed o f  a m ixture o f  ^m ature' myelin and g l i a l  
c e l l  membrane (Cuzner and Davison, 1968), and the  immature m atrix  o r 
'p rem yelin 1 i s  g rad u a lly  converted to  the  a d u lt  m ature type during b ra in  
development (Smith, 1967). The gradual disappearance o f  the  d is ia lo  and 
tr is ia lo g a n g lio s id e s  from the  norm ally m aturing m yelin may be c o n s is te n t 
w ith  the  suggestion  (Kishimoto e t  a l , 1967) th a t  th ese  m u ltis ia lo -g an g lio s id e s  
are  no t i n t r i n s i c  m yelin components b u t may in s te a d  be p re sen t in  the  
axoplasm o r  o th e r  contam inating s u b c e llu la r  s tru c tu re s .  The presence o f  
la rg e  amounts o f  GDla and Gj^k i n the  m yelin o f  the  undernourished r a ts  
th e re fo re  in d ic a te s  th a t  th i s  n y e lin  may resem ble, a t  l e a s t  in  chemical 
term s, 'p rem yelin ' o r  the  immature m yelin o f  e a r ly  l i f e .
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FIG.40 The ab so lu te  amounts o f th e  major gang lio sides 
of c e re b ra l m yelin o f th e  co n tro l and th e  
undernourished r a t s  o f various ages.
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F ig. 41A (a) T hin-layer chromatogram of gangliosides o f w holebrain and 
su b c e llu la r  f ra c tio n s  in  a 51-day-old r a t .  Approx. 40yg o f g an g lio sid e- 
NANA was sp o tted  fo r  each sample. Solvent :chloroform-methanol-water-NH_ 
(Sp .gr.0 .88) (60 :35 :2 :6 , by v o l . ) .  The spots were lo ca ted  by reg o rc in o i 
spray (Svennerholm, 1957) followed by heating  fo r  20 min a t  120 in  a 
closed chamber. WFB, whole fo reb ra in ; Mic, microsomes; Nuc, nucleus; 
Myel, myelin; M it, m itochondria; Syn, synaptosomes. (b) T h in -layer 
chromatogram of gangliosides o f fo reb ra in  (FB) and m yelin (Myel) o f 
121-day-old co n tro l (C-) and undernourished (U -)ra ts . Solvent system and 
spots d e tec tio n  method as fo r  ( a ) .
Table 13 Brain weight-body w eight r a t io s  o f the co n tro l 
and th e  undernourished (UN) r a t s  a t  various ages
Group Age Sex Body wt. % of Whole b ra in % o f
Body wt X 100(days) (g) c o n tro l wt (g) co n tro l
C ontrol 0 M+F
(6)
5.62 ± 0 .2 0.24 ± 0.01 4.27
UN 0 M+F
(6)
5.02 ± 0 .2 89.3* 0.21 ± 0.01 87.5* 4.15
Control 21-22 M+F
(24)
54.9 ± 3.2 1.48 ± 0.02 2.69
UN 21-22 M+F
(24)
32.3 ± 2.8 58.8** 1.35 ± 0.02 91.2** 4.17
Control 31 M(4) 90.0 ± 5.8 1.61 ± 0.03 1.78
UN 31 M(4) 49.7 ± 3.9 55.2** 1.46 ± 0.02 90.6** 2.93
Control 31 F(4) 87.7 ± 5.2 1.50 ± 0.03 1.72
UN 31 F(4) 51.7 ± 3.8 58.9** 1.45 ± 0.02 96.6** 2.79
C ontrol 51 M(4) 256 ± 12 1.92 ± 0.03 0.75
UN 51 M(4) 103 ± 5 40.2** 1.60 ± 0.03 83.3** 1.54
Control 51 F(4) 183 ± 8 1.75 ± 0.03 0.96
UN 51 F(4) 94 ± 5 51.2** 1.56 ± 0.03 89.1** 1.66
Control 81 M(4) 392 ± 15 2.01 ± 0.04 0.51
UN 81 M(4) 140 ± 7 35.7** 1.67 ± 0.02 83.0** 1.19 '
Control 81 F(4) 236 ± 11 1.88 ± 0.03 0.80
UN 81 F (4) 118 ± 6 50.0** 1.69 ± 0.02 89.8** 1.43
Control 121 M(4) 445 ± 17 2.14 ± 0.03 0.48
UN 121 M(4) 184 ± 8 41.3** 1.74 ± 0.02 81.3** 0.95
Control 121 F(4) 267 ± 13 2.00 ± 0.03 0.75
UN 121 F(4) 160 ± 7 59.9** 1.70 ± 0.03 85.0** 1.06
Each value i s  the  mean o f th e  number o f  r a t s  used , as shown in  p a ren th eses ,
± S.D. S t a t i s t i c a l  s ig n if ic a n c e  o f  th e  d iffe ren ce s  between c o n tro l and t e s t  
values i s  shown as: * p < 0 .01 ; *■* p < 0.001.
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TABLE 15 E f fe c t  o f  u n d e m u tr it io n  b efo re  and a f t e r  b ir th  on th e
gang liosides o f  the  fo re b ra in  o f th e  r a t
Group Age Ganglioside-NANA* Molar p e r  cen t d is tr ib u tio n * *
(days) yg/g y g /fo reb ra in GM1 GDla S i b GT1
Control
(n=24)
21-22 843 ± 26 885 ± 28 29.48
(261)
42.22
(373)
16.00
(142)
12.34
(109)
Under­
nourished
(n=24)
21-22 933 ± 19f 886 ± 22 32.89
(291)
38.33
(339)
15.89
(141)
12.88
(114)
C ontrol
(n=8)
31 1085 ± 2 3 1150 ± 24 27.59
(317)
41.39
(476)
15.66
(180)
15.36
(177)
Under­
nourished
(n=8)
31 1098 ± 18 1092 ± 21f 26.51
(289)
42.17
(459)
18.07
(197)
13.25
(144)
Control
(n=8)
51 1025 ± 26 1230 ± 27 25.58
(315)
41.97
(516)
16.79
(207)
15.67
(193)
Under­
nourished
(n=8)
51 1029 ± 25 1091 ± 26f 27.88
(304)
37.05
(404)
20.18
(220)
14.89
(162)
Control
(n=8)
81 1141 ± 2 7 1443 ± 28 23.80
(343)
38.07
(549)
19.33
(279)
18.80
(271)
Under­
nourished
(n=8)
81 1060 ± 22f 1161 ± 24f 30.50
(354)
36.17
(419)
17.73
(206)
15.60
(181)
Control
(n=8)
121 1195 ± 18 1577 ± 21 26.51
(418)
34.49
(544)
20.00
(315)
19.00
(300)
Under­
nourished
(n=8)
121 1086 ± 19f 1200 ± 221* 31.11
(373)
33.98
(408)
18.35
(220)
16.56
(199)
* Values a re  means ± SD o f  the number o f  animals shown by n . The 
s ig n if ic an c e  o f  d iffe ren ce  fro  the co n tro l values i s  shown as fp<0.001.
** Values are  means o f d u p lica te  determ inations in  pooled b ra in s . The 
amounts o f  the fo u r major gangliosides were taken as 100% o f  t o t a l  
g an g lio sid e . The molar p roportions were c a lc u la te d  by d iv id in g  th e  
NANA value o f G ^  by 3, and o f G ^ a and G ^^  each by 2.. The va lues 
in  paren theses are  the abso lu te  amounts in  microgrammes.
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TABLE 16 E f fe c t  o f  u n d e m u tr it io n  b e fo r e  and a f t e r  b ir th  on the
g a n g lio s id e s  o f  th e  cereb ellum  o f  th e  ra t
Group Age Ganglioside-NANA* Molar p e r  cen t d is tr ib u tio n * *
(days) vg /s yg/cerebellum S l l GmDla ^ l b GT1
C ontrol
(n=24)
21-22 481 ± 20 96 ± 11 15.75
(15)
46.41
(46)
15.73
(15)
22.1
(21)
Under­
nourished
(n=24)
21-22 530 ± 16++ 90 ± 11 11.95
(11)
50.20
(45)
14.53
(13)
23.31
(21)
C ontrol 
(n=8) .
31 647 ± 22 139 ± 15 13.70
(19)
45.94
(64)
15.87
(22)
24.49
(34)
Under­
nourished
(n=8)
31 623 + 21+ 121 ± 14 18.01
(22)
40.43
(49)
13.93
(17)
27.62
(33)
Control
(n=8)
51 809 ± 19 210 ± 15 15.07
(32)
37.21
(78)
18.84
(40)
28.87
(61)
Under­
nourished
(n=8)
51 750 ± 20++ 176 ± 14++ 16.82
(30)
36.68
(65)
19.86
(35)
26.64
(47)
Control
(n=8)
81 677 ± 16 193 ± 16 16.11
(31)
35.29
(68)
17.05
(33)
31.55
(61)
Under­
nourished
(n=8)
81 620 + 20++ 152 ± 14+ t 23.03
(35)
27.28
(41)
25.16
(38)
24.53
(37)
Control
(n=8)
121 633 ± 15 190 ± 17 18.00
(34)
31.10
(59)
15.10
(29)
35.80
(68)
Under­
nourished
(n=8)
121 555 ± 17++ 139 ± 16++ 25.50
(35)
25.10
(35)
26.80
(37)
22.60
(31)
* Values are  means ± SD o f  the  number o f anim als shown by n . The 
s ig n if ic a n c e  o f d iffe ren ce  from th e  c o n tro l values i s  shown as fp<0.05; 
tfp < 0 .0 0 1 .
.** Values are  means o f  d u p lica te  determ inations in  pooled b ra in s . The 
amounts o f  the  four major g ang lio sides were taken  as 1001 o f  t o t a l  
g an g lio s id es . The molar p roportions were c a lc u la te d  ,by d iv id in g  th e  
NANA values o f by 3, and o f  and each by 2. The v a lu es 
in  parentheses a re  the abso lu te  amounts in  yg.
TABLE 17 E f fe c t  o f  u n d e m u tr it io n  b e fo re  and a f t e r  b ir th  on th e
g ang lio sides o f  the  b ra in  stem o f the r a t
Group Age Ganglioside-NANA* Molar p e r  cen t d is tr ib u tio n * *  .
(days) Vtg/g yg/B rain  stem S n S l a GDlb C n
C ontrol
(n=24)
21-22 548 ± 16 126 ± 12 22.87
(29)
28.63
(37)
27.39
(32)
24.90
(28)
Under­
nourished
(n=24)
21-22 597 + 20+ 137 ± 13 19.09
(26)
29.22
(39)
25.41
(38)
22.51
(34)
C ontrol
(n=8)
31 673 ± 18 188 ± 10 23.98
(45)
27.55
(52)
28.06
(53)
20.41
(38)
Under­
nourished
(n=8)
31 724 ± 19+ 188 ± 11 25.00
(47)
27.13
(51)
26.52
(50)
21.34
(40)
Control
(n=8)
51 651 ± 15 247 ± 13 26.63
(66)
25.82
(64)
26.90
(66)
20.65
(51)
Under­
nourished
(n=8)
51 571 ± 16+ 163 ± 14+ 30.40
(50)
21.35
(35)
25.87
(42)
22.38
(37)
C ontrol
(n=8)
81 524 ± 14 207 ± 10 21.37
(44)
23.81
(49)
31.44
(65)
23.38
(48)
Under­
nourished
(n=8)
81 467 ± 16+ 159 ± 11+ 32.44
(52)
16.22
(26)
26.95
(43)
24.39
(39)
C ontrol
(n=8)
121 516 ± 15 232 ± 16 20.20
(47)
21.80
(51)
33.00
(77)
25.00
(58)
Under­
nourished
(n=8)
121 434 ± 16+ 158 ± 13+ 30.10
(48)
17.30
(27)
28.50
(45)
24.10
(38)
Values are  means ± SD o f  th e  number o f animals s tu d ied  shown by n . The 
s ig n if ic a n c e  o f d iffe ren ce  from the  co n tro l values i s  shown as IpcO.OOl.
Values a re  means o f  d u p lica te  determ inations in  pooled b ra in s . The 
amounts o f  the  four m ajor g ang lio sides were taken as 100% o f  t o t a l  
g an g lio s id es . The molar p ro p o rtio n s were c a lc u la te d  by d iv id in g  the  
NANA value o f  by 3, and o f G ^ a and each by 2.. The values in  
paren theses a re  the abso lu te  amounts in  yg.
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TABLE 18 The recovery o f  gang liosides during the
s u b c e llu la r  f ra c tio n a tio n  o f th e  fo re b ra in
Ganglioside-NANA,yg/g f re sh  tissu e*
F rac tio n  Group 21-22 31 51 81 121 (days o f  age)
Control 843 1085 1025 1141 1195
Forebrain
Undernourished 933 1098 1029 1060 1086
C ontrol 7 9 11 13 16
Myelin
Undernourished 7 10 16 25 28
C ontrol 15 17 21 22 22
M itochondria
Undernourished 18 21 26 31 32
Control 26 28 30 32 31
Nucleus
Undernourished 30 33 31 31 30
C ontrol 119 198 211 221 233
Synaptosomes
Undernourished 171 212 198 201 209
Control 481 513 520 545 543
Microsomes
Undernourished 472 526 505 482 476
Control 648 765 793 833 845
T otal
Undernourished 698 802 776 770 775
C ontrol 76.8 70.5 77.3 74.7 70.7
Recovery (%)
Undernourished 74.8 73.0 75.4 72.6 71.4
* The co n cen tra tio n  o f gang lio sides in  each f ra c t io n  i s  th e  amount o f 
gang lio side  in  th a t  f ra c t io n  p e r  gm o f o r ig in a l  t is s u e  i . e .  fo re b ra in  
and n o t p e r gm o f  is o la te d  f ra c t io n . Each value i s  th e  mean o f 
d u p lica te  determ inations in  a s in g le  e x tra c t  o f  th e  b ra in  s tru c tu re s .
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TABLE 19 E f fe c t  o f  im d e m u tr it io ii b efo re  and a f t e r  b ir th  on th e
microsomal g a n g lio s id e s  o f  th e  r a t  fo r e b r a in
Group Age 
(days)
Ganglioside-NANA* 
yg/g T o ta l
(yg)
Molar p ercen t d is tr ib u tio n * *  
S l l  S l a  GDlb ^ 1
Control 21-22 
(n=24)
481 505 21.85
(103)
46.96
(221)
15.41
(72)
15.72
(74)
Under- 21-22
nourished
(n-24)
472 448 28.14
(126)
43.93
(197)
12.59
(56)
15.34
(69)
Control 31 
(n=8)
513 544 34.62
(188)
38.08
(207)
16.54
(90)
10.77
(59)
Under- 31
nourished
(n=8)
526 523 33.77
(177)
39.07
(204)
13.25
(69)
13.91
(73)
C ontrol 51 
(n=8)
520 621 35.00
(217)
37.08
£230)
15.42
(96)
12.50
(78)
Under- 51
nourished
(n=8)
505 535 36.58
(196)
34.08
(182)
15.79
(85)
13.55
(73)
Control 81 
(n=8)
545 689 33.00
(227)
35.64
(246)
14.85
(102)
16.50
(114)
Under- 81
nourished
(n=8)
482 528 34.89
(184)
33.70
(178)
14.27
(75)
17.13
(90)
Control 121 
(n=8)
543 717 35.89
(257)
32.11
(230)
15.12
(108)
16.88
(121)
Under- 121
nourished
(n=8)
476 526 33.55
(176)
33.45
(176)
15.09
(79)
17.91
(94)
* Values a re  means o f d u p lic a te  determ inations o f  a s in g le  e x tra c t  o f th e  
microsomal p e l l e t  ob tained  from th e  number o f fo re b ra in s  shown b y  n , and 
a re  expressed as yg p er g fo re b ra in  and yg per fo re b ra in .
** Values a re  means of d u p lic a te  d e te m an a tio n s . O ther d e ta i l s  same as 
in  Table 15.
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TABLE 20 E f fe c t  o f  im d e m u tr it io n  b e fo r e  and a f t e r  b ir th  on th e
synaptosom al g a n g lio s id e s  o f  th e  r a t  fo reb ra in
Group Age Gangliosides-NANA* Molar percen t d is tr ib u tio n * *  
(days) yg/g  T otal G ^  GDlb Gr l
Control
(n=24)
21-22 119 124 29.90
(37)
42.60
(53)
18.00
(22)
9.50
(12)
Under­
nourished
(n=24)
21-22 171 162 27.69
(45)
44.56
(72)
19.11
(31)
8.63
(14)
Control
(n=8)
31 198 210 38.25
(80)
38.50
(81)
16.83 
. (35)
6.42
(13)
Under­
nourished
(n=8)
31 212 211 32.16
(68)
41.5
(88)
17.75
(37)
8.57
(18)
Control
(n=8)
51 211 252 46.41
(117)
27.07
(68)
15.92
(40)
10.60
(27)
Under­
nourished
(n=8)
51 198 210 33.06
(69)
33.57
(70)
24.92
(52)
8.44
(18)
Control
(n=8)
81 221 280 41.94
(117)
28.42
(80)
17.50
(49)
12.13
(34)
Under­
nourished
(n=8)
81 201 220 35.55
(78)
35.57
(78)
20.38
(45)
8.51
(19)
Control
(n=8)
121 233 308 46.51
(143)
21.55
(66)
18.84
(58)
13.10
(40)
Under­
nourished
(n=8)
121 209 231 35.10
(81)
30.76
(71)
22.63
(52)
11.51
(27)
*Values a re  means o f d u p lic a te  determ inations o f a s in g le  e x tr a c t  o f th e  
synaptosomal p e l l e t  ob tained  from th e  number o f fo re b ra in s  shown by n , and 
are  expressed as yg/g fo re b ra in  o r yg p er fo re b ra in .
** Values a re  means o f d u p lic a te  d e term ina tions. Other d e ta i l s  same as 
in  Table 15.
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TABLE 21 E ffe c t  o f  u n d e m u tr it io n  b e fo re  and a f t e r  b ir th  on th e
m itoch on d ria l g a n g lio s id e s  o f  th e  r a t  fo reb ra in
Group Age Gangliosides-NANA* Molar percen t d is tr ib u tio n * *
(days) yg/g y g /fo re b ra in  Gn
Control
(n-24)
21-22 15 15.3 31.6
(4.8)
32.7
(5.0)
15.0
(2.3)
20.7
(3.1)
Under­
nourished
(n=24)
21-22 18 17.0 36.0
(6.1)
28.5
(4.8)
16.0
(2.7)
19.5
(3.3)
Control
01=8)
31 17 18.0 35.87
(6.4)
33.89
(6.1)
14.99
(2.6)
15.25
(2.7)
Under­
nourished
(n=8)
31 21 20.8 36.78
(7.6)
34.82
(7.2)
15.79
(3.3)
12.60 : 
(2 .6) ;
Control
(n=8)
51 21 25.0 31.49
(7.8)
32.68
(8.1)
16.11
(4.0)
19.72 : 
(4 .9)
Under­
nourished
(n=8)
51 26 27.5 36.86
(10.1)
37.39
(10.2)
13.79
(3.8)
11.96
(3 .2)
Control
(n=8)
81 22 27.8 30.77
(8 .5 ) '
27.92
(7.7)
18.80
(5.2)
22.51
(6 .2)
Under­
nourished
(n=8)
81 31 33.9 37.38 40.44 13.42 10.76
Control
(n=8)
121 22 29.0 30.45
(8.8)
28.55
(8.2)
19.50
(5.6)
21.50
(6.2)
Under­
nourished
(n=8)
121 32 35.3 35.75
(12.6)
34.25
(12.1)
17.01
(6.0)
12.99
(4.6)
*Values a re  means o f d u p lic a te  determ inations o f a s in g le  e x tra c t o f  th e  
m itochondrial p e l l e t  ob tained  from th e  number o f fo reb ra in s  shown by n , 
and expressed as yg/g fo reb ra in  and y g /fo reb ra in .
** Value a re  means o f d u p lica te  de term in a tio n s. O ther d e ta i l s  same as in  
Table 15.
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TABLE 22. E f fe c t  o f  im d e m u tr it io n  b e fo r e  and a f t e r  b ir th  on th e
nuclear g a n g lio s id e s  o f  th e  r a t  fo reb ra in
Group Age
(days)
Ganglioside-NANA* 
yg/g y g /fo reb ra in
Molar p ercen t d is t r ib u t io n  
StL GDla S i b
**
S i
Control
(n=24)
21-22 26 27.6 32.3
(8 .9)
38.4
(10.6)
16.6
(4 .5)
12.7
(3.5)
Under­
nourished
(n=24)
21-22 30 28.4 27.2
(7 .7)
38.7
(11.0)
17.5
(5 .0)
16.6
(4 .7)
Control
(n=8)
31 28 29.7 27.73
(8.2)
38.24
(11.3)
18.91
(5.6)
15.13
(4.5)
Under­
nourished
(n=8)
31 33 32.8 28. SI 
(9 .3)
39.47
(12.9)
18.19
(6 .0)
13.83
(4 .5)
Control
(n=8)
51 30 35.8 22.58
(8.0)
38.97
(13.8)
19.79
(7 .0)
18.67
(6 .7)
Under­
nourished
(n=8)
51 31 31.8 27.91
(8.8)
37.01
(11.7)
19.18
(6 .0)
15.90
(5 .0)
Control
(n=8)
81 32 40.5 23.56
(9 .5)
39.09
(15.8)
19.81
(8.0)
17.54
(7 .1)
Under­
nourished
(n=8)
81 31 33.9 30.60
(10.3)
36.19
(12.2)
16.73
(5.6)
16.48
(5 .5)
Control
(n=8)
121 31 40.9 27.50
(11.2)
34.90
(14.2)
19.80
(8 .1)
17.80
(7 .2)
Under­
nourished
(n=8)
121 30 33.1 30.75
(10.1)
33.48
(11.0)
18.54
(6 .1)
17.23
(5 .7)
* Values a re  means o f d u p lic a te  determ inations o f  a s in g le  e x tra c t o f  th e  
n u c lear p e l le t  obtained from th e  number o f fo re b ra in s  shown by n , and a re  
expressed as yg/g fo reb ra in  o r y g /fo reb ra in .
** Values a re  means o f d u p lic a te  d e term ina tions. O ther d e ta i ls  same as in  
Table 15.
TABLE 23 E f fe c t  o f  u n d e rn u tr it io n  b e fo r e  and a f t e r  b ir th  on th e
m yelin  g a n g lio s id e s  o f  th e  r a t  fo r e b r a in .
Group Age 
(days)
Ganglioside-NANA.* Molar p ercen t d is tr ib u tio n * *  
yg/g  y g /fo reb ra in  Gm a  ' G ^  Gr l
Control 21-22 7 7.3 42.35 19.41 23.53 14.71
(n=24) (2.8) (1.2) (1 .5) (1.0)
Under- 21-22
nourished
(n=24)
7 6.6 45.07
(2.8)
21.59
(1.3)
18.15
(1.1)
15.19
(1.0)
Control 31 
(n =8)
9 9 .5 / 57.32
(5.5)
18.85
(1.7)
18.85
(1 .7)
4.98
(0.5)
Under- 31
nourished
(n=8)
10 10.0 47.62
(4.7)
26.02
(2.6)
16.06
(1.6)
10.30
(1.0)
Control 51 
(n=8)
11 13 67.62
(8.8)
15.55
(2.0)
12.87
(1.6)
3.96
(0.5)
Under- 51
nourished
(n=8)
16 17 57.51
(9.7)
18.31
(3.1)
18.08
(3 .0)
6.10
(1.0)
Control 81 
(n=8)
13 16.4 74.93
(12.4)
9.88
(1.6)
12.15 . 
(2 .0)
3.04
(0.5)
Under- 81
nourished
(n=8)
25 27.3 47.28
(12.8)
26.28
(7.1)
23.33
(6 .3)
3.11
(0.8)
C ontrol 121 
(n=8)
16 21.0 85.10
(17.8)
6.23
(1.3)
6.37
(1 .3)
2.30
(0.5)
Under- 121
nourished
(n=8)
28 30.9 49.49
(15.3)
35.53
(7.9)
21.50
(6 .6)
3.48
(1.0)
* Values a re  means o f d u p lic a te  determ inations o f  a s in g le  e x tra c t  th e  m yelin 
p e l l e t  obtained from th e  number o f fo re b ra in s  shown by n , and a re  expressed 
as yg/g fo reb ra in .
** Values a re  means o f d u p lic a te  d e te rm in a tio n s . Other d e ta i l s  same as in  
Table 15.
CHAPTER 8
EFFECT OF DEVELOPMENT, AND OF UNDERNUTRITION 
BEFORE AND AFTER BIRTH, ON THE GANGLIOSIDES 
OF THE RAT BRAIN
PART I I .  THE INCORPORATION OF
D [l-3H] -GLUCOSAMINE INTO 
BRAIN GANGLIOSIDES
A. In tro d u c tio n
The undernourished and the co n tro l r a t s  were given an in tra p e r ito n e a l 
in je c t io n  o f  a la b e l le d  gang lioside  p re c u rso r, ^H-glucosamine (0.75 yCi/g 
body weight) a t  weaning. The ra d io a c t iv ity  inco rp o ra ted  in to  the  gang liosides 
o f  the  fo re b ra in , cerebellum , and b ra in  stem, and a lso  o f  the  s u b c e llu la r  
f ra c tio n s  o f  the  fo re b ra in  was examined a t  various time in te rv a ls  a f t e r  
in je c t io n .
B. R esu lts
(a) T o ta l g an g lio sid es
In each o f  th e  m ajor p a r ts  o f the b ra in  th a t  were s tu d ie d , and in  a l l  
su b c e llu la r  f r a c t io n s ,  w ith  the  exception o f  m yelin which w i l l  be described  
se p a ra te ly , th e re  was a s im ila r i ty  in  the  p a t te rn  o f  in co rp o ra tio n  o f  
^H-glucosamine in to  g an g lio sid es . In  the co n tro l r a t s ,  the  s p e c if ic  a c t iv i ty  
rose  sh a rp ly  to  a peak 8 to  24 hours a f t e r  in je c t io n  o f  th e  p rec u rso r  (F igs.
42 and 43). A f te r  reaching  the peak a t  24 hours, th e  s p e c if ic  a c t iv i ty  f e l l  
rap id ly  during th e  nex t 10 days and then  slow ly th e r e a f te r .  There were, 
however, some d iffe re n ce s  in  the s p e c if ic  a c t iv i t i e s  o f  to t a l  g an g lio sid es  
in  various s tr u c tu r e s .  Thus, amongst the  major b ra in  p a r t s ,  the  cerebellum  
(Table 24) had the  h ig h es t peak s p e c if ic  a c t iv i ty  in  i t s  g an g lio sid es  
(181 DPM/yg NANA), and amongst the gang lio sides o f the s u b c e llu la r  f ra c t io n s ,  
the  peak s p e c if ic  a c t iv i ty  was h ig h est in  th e  n u c le a r  f ra c t io n  (150 DPM/yg 
NANA) (Table 25).
In th e  undernourished r a t s ,  the  p a t te rn  o f  in co rp o ra tio n  was s tr ik in g ly  
d if f e r e n t  from th a t  in  the  co n tro ls , p a r t ic u la r ly  during the  f i r s t  10 days 
a f t e r  in je c t io n . In  a l l  the above b ra in  s tru c tu re s  in  th i s  group, the 
in co rp o ra tio n  2 hours a f t e r  in je c tio n  was always lower than  in  th e  c o n tro l 
group, bu t whereas during the next 6 hour p e rio d , i . e .  a t  8 hours a f t e r  
in je c t io n , th e re  was l i t t l e  o r  no change in  the  s p e c if ic  a c t iv i ty  o f
gangliosides o f  th e  co n tro l group, th e re  was a co n sid e rab le  r i s e  in  th a t  
o f  the undernourished group. In  the l a t t e r  group, the  s p e c if ic  a c t iv i ty  
o f gang liosides o f  a l l  f ra c tio n s  continued to  r i s e  to  reach  a peak a t  
24 hours a f t e r  in je c t io n .  However, in  the synaptosomes, th e  value a t  
8 hours remained a t  th e  same le v e l during the  8 h o u r ^  hour p e rio d , and 
the same value was a lso  observed a t  10 days- a f t e r  in je c t io n .  In  a l l  o th e r  
f ra c tio n s , however, th e  s p e c if ic  a c t iv i ty  f e l l  during the  p e rio d  24 hours -  
10 days a f t e r  in je c t io n .  The ex ten t o f th is  f a l l  was sm alle r than  was 
found in  the  c o n tro l group. As a consequence, a t  8 hours and a lso  a t  10 
days a f t e r  in je c t io n ,  the  s p e c if ic  a c t iv i ty  o f  the  g an g lio sid es  o f  the  
undernourished b ra in s  were between two and th re e  tim es as h igh  as those  o f  
the co n tro l b ra in s . At l a t e r  in te rv a ls ,  the two groups had comparable 
sp e c if ic  a c t i v i t i e s .
These d iffe re n c e s  between the  co n tro l and th e  undernourished r a ts  in  
the ra te  o f  in co rp o ra tio n  o f  la b e l are  r e f le c te d  in  th e  c a lc u la te d  h a l f - l iv e s  
o f  th e i r  o nce-inco rpora ted  g an g lio sid es . Tables 24 to  26 show th a t  during 
the 1-10 day p e rio d  a f t e r  in je c t io n , the tu rn -o v e r o f  th e  g an g lio sid es  
ex trac ted  from the  co n tro l b ra in  s tru c tu re s  was more ra p id  (average h a l f - l i f e  
o f 7.1 days) than  th a t  o f  the gang liosides e x tra c te d  from th e  undernourished 
b ra in s (average h a l f - l i f e  15.3 days). However, during th e  n ex t two in te rv a ls ,  
i . e .  between 10 and 30 days and between 30 and 60 days a f t e r  in je c t io n ,  
the tu rn -o v er r a te  o f  th e  gang lio sides o f  the  undernourished group was 
f a s te r  (average h a l f - l i f e  36.2 days and 30.5 days, re sp e c tiv e ly )  than  was 
found fo r  those in  th e  co n tro l group (average h a l f - l i f e ,  120.8 days o r  more, 
and 76.1 days, re sp e c tiv e ly ) .  The gang lio sides o f  the two groups e x h ib ite d  
id e n tic a l r a te s  o f  tu rn -o v e r during the  60-100 day in te rv a l  a f t e r  in je c t io n .
(b) Ind iv idual g an g lio sid es
Figures 44 to  47 show th a t  the o v e ra ll  p ic tu re  o f  th e  change in  the
sp e c if ic  a c t iv i ty  o f  th e  m ajor gang liosides was g en e ra lly  th e  same as 
was obtained  w ith  the  t o t a l  g an g lio sid es . The s p e c if ic  a c t i v i t i e s  o f  th e  
in d iv id u a l g an g lio sid es  from undernourished r a t s  were again  two to  fo u r 
times h igher a t  8 hours and 10 days a f t e r  in je c t io n  than those  o f  th e  
con tro l gang lio sides a t  the  corresponding time in te rv a ls .  The s p e c i f ic  
a c t iv i ty  o f  the  t o t a l  g an g lio sid es  was la rg e ly  a r e f le c t io n  o f  t h a t  o f  
the major gan g lio sid e
There was, however, a fundamental d iffe ren ce  between th e  s p e c i f i c  
a c t iv i t ie s  o f  th e  m ajor g an g lio sid es  and some d iffe ren c e  was a lso  observed  
between the c o n tro l and the  undernourished groups in  th is  re sp e c t.  Thus 
in  the co n tro l b r a in s ,  th e  s p e c if ic  a c t iv i t i e s  o f  and were always 
h igher than those  o f  G ^ a and G ^ ,  and the l a t t e r  two g an g lio s id es  appeared 
in  general to  have tu rn ed -o v er a t  a f a s t e r  r a te  than  th e  foim er two (Tables 28-29) 
gangliosides during a l l  in te rv a ls  24 hours a f te r  in je c t io n .  This was 
tru e  fo r  the  g an g lio sid es  o f  the  undernourished b ra in s  a t  the  1-10 day 
period  a f t e r  in je c t io n  on ly . There was no d e f in i te  tre n d  o f  decay o f  th e se  
gangliosides a t  l a t e r  in te rv a ls .  Another p o in t o f  d iffe re n c e  between th e  
con tro l and the  undernourished groups was th a t  G ^  o f  th e  fo re b ra in  o f  th e  
con tro l group reached th e  peak s p e c if ic  a c t iv i ty  24 hours a f t e r  in je c t io n  
(Fig. 44), whereas in  the  undernourished r a t s ,  th e  peak was only  reached  10 
days a f te r  in je c t io n  and th is  peak r a d io a c t iv ity  p e r s is te d  f o r  th e  n e x t 
20 days.
(c) Myelin gn]agliosides
As in d ica te d  e a r l i e r ,  the  in co rp o ra tio n  o f r a d io a c t iv i ty  from 
\l-g lu c o samine in to  th e  g an g lio sid es  o f  m yelin proceeded in  a  somewhat 
d if fe re n t way from th e  in c o rp o ra tio n  in to  th e  g an g lio sid es  o f  o th e r  b ra in  
s tru c tu re s . The s p e c i f ic  a c t iv i ty  o f  m yelin g an g lio sid es  (F ig . 42) was 
much lower than th a t  o f  the  g an g lio sid es  o f  any o th e r  f r a c t io n  and in c re a se d
slowly up to  24 hours a f t e r  in je c t io n . The in co rp o ra tio n  then in creased  
a t  a f a s te r  r a te  and reached a peak a t  30 days a f t e r  in je c t io n  and 
subsequently decreased  slow ly. The r i s e  during the  f i r s t  8 hours a f t e r  
in je c tio n  in  the  s p e c i f ic  a c t iv i ty  o f  t o t a l  gang lio sides o f  m yelin was 
the  same in  both  groups, bu t a t  subsequent p e rio d s , the  r i s e  in  the  
undernourished group was f a s te r ,  and th e  s p e c if ic  a c t iv i ty  reached a peak 
10 days a f te r  in je c t io n ,  subsequently  d ec lin in g  a t  a slow r a te .  As a 
r e s u l t  o f  th ese  changes, the  s p e c if ic  a c t iv i t i e s  o f  the m yelin g an g lio sid es  
o f the  undernourished animals a t  bo th  24 hours and 10 days a f t e r  th e  
in je c tio n , re sp e c tiv e ly , were more than  double the  s p e c if ic  a c t i v i t i e s  o f  
those o f th e  c o n tro ls . The myelin gang lio sides o f  the  two groups had 
comparable s p e c if ic  a c t iv i t i e s  a t  the  l a t e r  in te rv a ls .  Comparison o f  the  
h a lf - l iv e s  o f  th ese  gang lio sides in  th e  co n tro l and the  undernourished 
groups (T able27) showed th a t  during the  30-60 day p e rio d  a f t e r  in je c t io n ,  
to t a l  myelin g ang lio sides o f  the  undernourished b ra in s  tu rn ed -o v er a t  a 
slower r a te  ( h a l f - l i f e  o f  414 days) than those o f  the  co n tro l b ra in s  
( h a l f - l i f e ,  143 days). L a te r, the  g an g lio sid es o f  the  two groups tu rn ed -o v er 
a t  comparable r a te s .
When the r a d io a c t iv ity  o f  m yelin gan g lio sid e  was examined (the  
extremely sm all amount o f  o th e r g ang lio sides in  m yelin o f  the  co n tro l b ra in s  
d id  no t perm it r e l ia b le  s p e c if ic  a c t iv i ty  d a ta  to  be o b ta in e d ) , alm ost an 
id e n tic a l  p ic tu re  to  th a t  fo r  to t a l  g an g lio sid es  was ob ta ined  fo r  th e  c o n tro l 
group. In the undernourished group, however, the  curve o f  s p e c if ic  a c t iv i ty  
o f  G ^  was somewhat d if f e re n t  from th a t  fo r  the  to t a l  g an g lio sid es  (F ig .4 8 ) ,fo r  
whereas the t o t a l  g ang lio sides reached a peak s p e c if ic  a c t iv i ty  a t  10 days 
a f te r  in je c t io n , G ^  s p e c if ic  a c t iv i ty  continued to  r i s e  a t  a slow er r a te  
u n t i l  one month a f t e r  in je c t io n .  The s p e c if ic  a c t iv i ty  then  ra p id ly  
d ec lined  and a t  100 days a f t e r  in je c t io n  i t  was only 501 o f  th a t  in  the  
con tro l G ^ . Consequently, the  c a lc u la te d  tu rn -o v e r r a te  o f  m yelin G ^
o f the undernourished r a ts  was much f a s t e r  than the  tu rn -o v e r r a te  o f  
th a t  o f  th e  co n tro l r a t s .  The h a l f - l i f e  o f  the  undernourished was 
42-37 days, compared w ith  718-992 days fo r  th e  co n tro l (Table 27).
C. D iscussion
Iso to p ic  glucosamine i s  an e f fe c tiv e  p recu rso r fo r  the  la b e l l in g  o f  
b ra in  g an g lio s id es , because i t  i s  e a s i ly  converted in to  galactosam ine and 
mannosamine and then  incorporated  alm ost ex c lu s iv e ly  in to  th e  galactosam ine 
and NANA, m o ie tie s , re sp e c tiv e ly , o f  th e  g ang lio side  m olecule (Burton e t  a l ,  
1963; Barondes, 1968). The advantage o f  using  glucosamine over o th e r 
gang lioside  p recu rso rs , e .g . ,  la b e lle d  g lucose, i s  i t s  h ig h er in co rp o ra tio n  
in to  g an g lio s id es , fo r  Suzuki and Chen (1967) have observed th a t  in  r a t s  
in je c te d  w ith  D - [ l - ^ C ] glucosamine, the  r a d io a c t iv ity  o f  g an g lio sid es  
was about 10 tim es as high as th a t  in  D - [u -^ c ]  g lu c o se -in je c te d  r a t s .
Moreover, th e  ra d io a c t iv ity  incorporated  from glucosamine in to  th e  lower- 
phase l ip id s  was lower than th a t  from glucose . Therefore the  p ro sp ec t o f  
gang liosides being contam inated by the  r a d io a c t iv i ty  o f  low er-phase l ip id s  
i s  remote in  g lucosam ine-in jected  r a t s .  N onetheless, in  th e  p re se n t work, 
the g ang lio sides were p u r if ie d  by the  r e - p a r t i t io n  technique developed by 
Suzuki and Chen (1967). Glucose i s ,  however, b e t t e r  than  glucosamine fo r  
the la b e ll in g  o f the  g a lac to sy l and g lucosy l re s id u es  o f  g an g lio sid es  
(Maccioni e t  a l , 1971). Fucose, on the  o th e r  hand, i s  ex c lu s iv e ly  in co rp o ra ted  
only in to  th e  NANA moiety (Quarles and Brady, 1971). Since th e  body s iz e  
a t  the time o f  in je c t io n  o f the undernourished r a t s  was re ta rd e d , a 
standard  dose o f the  p recu rso r, 0.75 pC i/g body w eight, was ad m in iste red  in  
the  co n tro l and the  undernourished r a t s .  The fo reb ra in s  were pooled  and 
su b c e llu la r  f ra c tio n a tio n  was c a rr ie d  o u t. The recovery o f  r a d io a c t iv i ty  
o f the gang lio sides in  the  su b c e llu la r  f ra c tio n s  (Table 30) was 60-701 
in  both groups, which was almost in  keeping w ith  th e  recovery o f  th e  
g ang liosides (70-75%).
Previous s tu d ie s  (Moser and Kamovsky, 1959; Burton e t  a l ,  1963;
Suzuki and Korey, 1964; Suzuki, 1970; Quarles and Brady, 1971) have shown 
th a t  in co rp o ra tio n  o f  ra d io a c t iv ity  from an iso to p ic  p recu rso r in to  whole 
b ra in  o r fo re b ra in  gang liosides norm ally reaches a peak: by 24 hours a f t e r  
in je c t io n . That th i s  i s  tru e  fo r  a l l  m ajor regions o f  the  b ra in  and a l l  
c e reb ra l s u b c e llu la r  f ra c t io n s ,  w ith  the  exception o f  m yelin, i s  shown in  
the  p re se n t work. The la b e ll in g  o f  e i th e r  th e  whole m ixture o f  g ang lio sides 
o r G ^  g an g lio sid e  o f  m yelin was slow and only reached a sm all peak 30 
days a f t e r  in je c t io n .  Suzuki (1970) a lso  observed a s im ila r  p a t te rn  o f  
la b e l l in g  o f  g ang lio side  is o la te d  from m yelin. This i s  l ik e ly  to  
ra is e  two p o s s ib i l i t i e s  about the sy n th es is  and lo c a l iz a t io n  o f  gang lio sides 
in  m yelin. I t  may be th a t  syn th esis  o f  gang lio sides p e r  se takes p lace  
a t  a slow er r a te  in  myelin than in  any o th e r  s tru c tu re s .  The slow m etabolic  
a c t iv i ty  o f  m yelin can a lso  be d iscerned  from th e  long p e rs is te n c e  o f 
r a d io a c tiv ity  (slow tu rn -o v er ra te )  o f  i t s  G ^  g an g lio s id e . Such slow uptake 
and tu rn -o v e r in  m yelin o f  in ta c t  c h o le s te ro l and p recu rso rs  o f  c o n s titu e n ts  
ty p ic a l  o f  m yelin has been shown many tim es (Davison e t  a l ,  1958, 1959a; 
Davison and Dobbing, 1961; Davison and Gregson, 1962; Davison, 1964). The 
da ta  w ith  th e  g an g lio s id es , th e re fo re , a re  in  agreement w ith  th e  f a c t  
th a t  m yelin i s  m e tab o lica lly  r e la t iv e ly  i n e r t .  Moreover, th e  d a ta  a lso  
in d ic a te  th a t  G ^  i s  an i n t r in s i c  c o n s titu e n t o f  the m yelin sh ea th  (Suzuki, 
1970).
The slow r a te  and degree o f in co rp o ra tio n  o f r a d io a c t iv ity  in to  m yelin 
g an g lio s id es , however, ra is e s  a second p o s s ib i l i ty ,  which i s  th a t  th e  
gang liosides may n o t be a c tu a lly  syn thesized  in  the  m yelin sh ea th , b u t 
a re  tra n sp o rted  and lo ca ted  here a f t e r  being  syn th esized  in  o th e r  s tr u c tu r e s .  
Such a p o s s ib i l i ty  would be s im ila r  to  th a t  found fo r  th e  sy n th es is  o f  
the  phospholip ids in  which exchange between p a r t ic le s  had been shown (W irtz 
and Z ilv e rsm it, 1968). M ille r  and Dawson (1972) have a lso  claim ed th e
e x is te n c e  o f  an u n id ir e c t io n a l m icrosom al-m itochondrial t r a n s fe r  o f
p h o sp h o lip id s .
Almost the  same r a te  o f  in co rp o ra tio n  o f  r a d io a c t iv ity  took p lace  
in to  th e  gan g lio sid es o f  the  o th e r s u b c e llu la r  o rg a n e lle s , and th is  
in d ic a te s  th a t  the  gang lio sides were independantly  sy n th esized  in  each 
o rg an e lle . The d a ta  do n o t, however, exclude the  p o s s ib i l i ty  o f  the  
contam ination o f  g an g lio sid es  o f  a poor source (m itochondria, nucleus) by 
those o f  a r ic h  source (microsomes, synaptosomes) (Maccioni and C aputto,
1968; Harzer e t  a l ,  1969).
The ra te s  o f  sy n th es is  o f  the  indvidual m ajor gan g lio sid es were 
d if f e re n t .  Two groups were d isc e m a b le . The s p e c if ic  a c t iv i ty  o f  one group, 
and G ^ ,  was h ig h e r than the  s p e c if ic  a c t iv i ty  o f  th e  o th e r  group 
co n sis tin g  o f  ^Tl* However, Suzuki (1967) found no d iffe re n c e
between the  s p e c if ic  a c t iv i t i e s  o f  the major gang lio sides when 2-day-o ld
14 14 •r a ts  were in je c te d  w ith  e i th e r  C-glucose o r  C-glucosamine. Maccioni
e t  a l  (1971) a lso  d id  n o t f in d  any c le a r  d iffe re n c e  between th e  s p e c if ic
a c t iv i t i e s  o f  th e  m ajor g ang lio sides in  the  8-day-old  r a t s ,  whereas in  th e
18-day-old r a t s ,  they  found th a t  G ^^  and G^ ,^  were la b e l le d  a t  a f a s t e r
ra te  than G ^  and . I t ,  th e re fo re , appears th a t  th e  multi-enzym e (F ig .49)
systems fo r  the  sy n th es is  o f  the  re sp ec tiv e  gang lio sides a re  more developed
a t  18-21 days o f  age than  they  are  during s h o r tly  a f t e r  b i r t h  (2-6 d ay s).
The r a te  o f  in co rp o ra tio n  o f  ra d io a c t iv ity  from ^H-glucosamine in to
the b ra in  g ang lio sides o f the  undernourished r a t s  was d i f f e r e n t  from th a t
in  the  co n tro l r a t s ,  and th is  was tru e  fo r  each b ra in  reg ion  o r  s u b c e llu la r
f ra c tio n  examined. Thus, in  the  undernourished r a t s ,  slow r a te  o f
in co rp o ra tio n  during the  f i r s t  2 hours a f t e r  in je c t io n  fo llow ed by a ve iy
high ra te  during the  nex t 6 hour p e rio d  was observed. In  th e se  anim als,
air <34
the gang liosides a t ta in e d  peak s p e c if ic  a c t iv i ty  §£ h ours, b u t fo llow ing
th i s ,  they showed a slow er tu rn -o v er during the  nex t 9 day p e rio d  compared
\
to  the  gang lio sides o f  the  co n tro l b ra in s . The f a s t  r a te  o f in co rp o ra tio n  
during the 2-8 hour p e rio d  may be a r e f le c t io n  o f  an e lev a ted  a c t iv i ty  o f 
the multi-enzyme systems responsib le  f o r  the  syn th esis  o f  each m ajor 
g an g lio sid e , r e s u l t in g  in  an in creased  syn th esis  o f  g an g lio sid es in  th ese  
b ra in s . Once th ese  gang liosides were syn thesized , they tended to  be 
re ta in ed  by th e  b ra in  fo r  a longer p e rio d  o f time as judged by t h e i r  
longer h a l f - l iv e s  during th e  1-10 day p erio d  a f t e r  in je c t io n . This i s  
probably due to  what has been s a id  befo re  about the  b ra in  adap ting  to  the  
s i tu a t io n  o f  r e s t r i c t e d  supply o f n u tr ie n ts .
I t  seems d i f f i c u l t  to  exp la in  the  lower s p e c if ic  a c t iv i ty  found 2 hours 
a f te r  in je c t io n  in  the  gang lio sides o f  the  undernourished b ra in s  compared 
w ith  th a t  o f  the  c o n tro ls . R esults o f  the  previous in  v i t r o  and in  vivo 
s tu d ies  (Arce e t  a l , 1971; Caputto e t  a l , 1974) have in d ic a te d  th a t  norm ally 
in  the  r a t  b ra in , the  s iz e  o f  in d iv id u a l o r  combined pools o f  la c to s y l  
ceramide, G ^ ,  o r  G ^  which a re  used as p recu rso rs  o f  d i - ,  t r i - ,  o r  
m u ltis ia lo g an g lio s id es  (F ig. 49 i s  very sm all, so much so th a t  i t  i s  
p ra c t ic a l ly  n o n -e x is te n t. Holm and Svennerholm (1972), however, found in  
the  6-day-old  r a t  a sm all, b u t m easurable, pool o f  m onosialogangliosides 
as p recu rso rs  o f  d i-  and tr is ia lo g a n g lio s id e s .  I t  may be assumed th a t  in  
conditions o f  n u t r i t io n a l  d ep riv a tio n , the  s iz e  o f  th is  pool was in c re a se d  
to  keep pace w ith  th e  in creased  a c t iv i ty  o f  the  g an g lio s id e -sy n th es iz in g  
enzymes. I t  i s  p o ss ib le  th a t  th is  in creased  pool s iz e  i n i t i a l l y  had a 
d ilu tio n  e f f e c t  on the  ra d io a c t iv ity  o f  the  in co rp o ra ted  p re c u rso r , and 
hence the lower s p e c if ic  a c t iv i ty  o f  the  syn thesized  g an g lio sid es  a t  th e  
ea rly  hours o f  a d m in is tra tio n .
The d iffe ren ce  observed between th e  metabolism o f t o t a l  and G ^  
gang liosides o f  m yelin o f  the co n tro l and the  undernourished r a t s  i s
s ig n if ic a n t ,  fo r  whereas the whole m ixture o f  gang liosides o f  the 
undernourished r a t s  had a slow er tu rn -o v e r r a te  during the  30-60 day 
p e rio d  a f t e r  in je c t io n ,  t h e i r  gang lio side  tu rned-over a t  a much 
f a s te r  r a te  than  the  corresponding gang liosides in  the  co n tro l r a t s .
This was presumably due to  the  la rg e  d iffe ren ce  between th e  g ang lio side  
p a tte rn s  o f  m yelin o f  the  co n tro l and undernourished r a t s .  There were 
s u b s ta n tia l  amounts o f  G ^ a and G ^ ^  in  th e  m yelin o f th e  t e s t  group 
compared w ith  very l i t t l e  occurrence in  the  c o n tro ls . These g an g lio sid es  
in  the  former group must have considerab ly  longer h a l f - l iv e s  than  G ^  to  
account fo r  the  long h a l f - l i f e  o f  the  to ta l 'g a n g lio s id e s .
I f  the m onosialoganglioside G ^ ,  and n o t the  d is ia lo -  and t r i s i a l o -  
g an g lio s id es , i s  indeed an in t r i n s i c  component o f  m yelin (Kishimoto e t  a l ,  
1967; Suzuki, 1970), then  th e  fin d in g  th a t  m yelin G ^  o f  the  undernourished 
r a t s  had a f a s te r  tu rn -o v e r r a te  ( h a l f - l i f e ,  42-37 days) than  th a t  o f  th e  
co n tro ls  ( h a l f - l i f e ,  992-718 days) may provide an in d ic a tio n  th a t  chron ic  
u n d e m u tritio n  r e s u l ts  in  the  m yelin to  be m etab o lica lly  more a c tiv e . IM s  
in fe ren ce  i s  supported  by the  a n a ly t ic a l  r e s u l ts  described  b efo re  th a t  
showed th a t  u n d e m u trit io n  causes the  m yelin to  be r e la t iv e ly  immature, 
fo r  immature e a r ly  m yelin i s  m e tab o lica lly  more a c tiv e  than  th e  mature 
a d u lt myelin (Davison and Dobbing, 1966). The study o f  b ra in  c h o le s te ro l 
e s te r s  o f  m alnourished c h ild re n  (Chapter 5) a lso  gave s im ila r  in d ic a tio n s .
F in a lly , i t  should  be p o in ted  ou t th a t  the r e s u l ts  o f  m  vivo 
in co ip o ra tio n  s tu d ie s  th a t  compare the  metabolism o f  substances in  the  
b ra in  o f animals o f  th e  same age b u t o f  varying body s iz e s ,  as was th e  
case in  the p re sen t experim ent, are  to  be in te rp re te d  c a re fu lly  because 
o f  the  involvement o f  a v a r ie ty  o f  fa c to rs  inc lud ing  body w eigh t, b ra in  
w eight, p recu rso r p e rm eab ility  in to  th e  b ra in , th e  s iz e  o f  the  p rec u rso r  
pools o f the  body and the b ra in , the a v a i la b i l i ty  o f  the  compounds se rv in g  
as the  accep tor o f  the  p rec u rso r, and th e  a c t iv i ty  of th e  enzymes involved
in  the  in co rp o ra tio n . The body w eights a t  the time o f the ad m in is tra tio n
of ^H-glucos amine o f  th e  undernourished r a ts  were reduced to  a g re a te r
ex ten t than  the  b ra in  w eight. Since the  dose o f  the  iso to p ic  p re c u rso r
was based on body w eight, th is  dose p e r  b ra in  was lower in  th e  undernourished
ra ts  than in  the  c o n tro ls , and th is  could have a ffe c te d  the  in co rp o ra tio n
d if f e re n tly  in  the  two groups. This seems, however, u n lik e ly , f o r  in  t h e i r
35comparative study o f  S -su lphate  in co rp o ra tio n  in to  b ra in  su lp h a tid es  
o f th e  co n tro l and the  m alnourished r a t s ,  Chase e t  a l  (1967) ob ta in ed  the 
same r e s u l ts  when the  animals rece iv ed  a dose o f  the  iso to p ic  su lp h a te  
based on e i th e r  th e  body w eight o r  th e  expected b ra in  w eight. More s tu d ie s  
are req u ired  to  ev alu a te  the e f fe c ts  o f  th e  o th e r  fa c to rs .
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FIG.48 E ffe c t o f u n d e rn u tr itio n  on (a) th e  s p e c if ic  a c t iv i ty  and
(b) th e  t o t a l  r a d io a c t iv i ty  o f m yelin GL_. D -[l-  H]glucosamine 
(0.75yCi/gm body weight) was in je c te d  in to  21-day-old r a t s  
which were k i l le d  a t  the  in te rv a ls  shown. Myelin was iso la te d  
from pooled fo re b ra in s , g an g lio sid e  and ra d io a c t iv ity  
determ ined, as described  in  th e  t e x t .
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Table 25 Turnover o f  t o t a l  g a n g lio s id e s  in  the microsomal
and n u c lea r  fr a c t io n s  i s o la t e d  from th e fo reb ra in
o f  th e  co n tro l (C) and th e undernourished (UN) r a ts
Time a f t e r S p ec ific  a c t iv i ty  T otal H a lf - l i f e
in j ec tio n DPM/y g NANA DPM (days)
C UN C UN C UN
Microsomal
2 h r 71 53 33512 23214
8 h r 63 115 30240 51980
24 h r 139 150 63662.) 68250 ) 7.0 11.6
10 d 42 80 22848 ) 41840 )
30 d 59 66 36639 ) 35310)) — 49.0
60 d 26 36 17914 ) 19008 ) 29.3 32.4
100 d 18 17 12906 ) 8942 ) 71.5 37.7
N uclear
2 h r 62 48 1755 ; 1320
8 h r 61 109 1598 2899
24 h r 150 154 4245 ) 4820 )
10 d 46 60 1366 ) 1968 ) 6.6 7.6
30 d 35 46 1253 ) 1463 ) 120.8 38.9
60 d 29 18 1175 ) 610 ) 240.7 25.7
100 d 14 10 573 ) 331 j 39.0 43.7
Each value i s  th e  mean o f  d u p lica te  determ inations in  a s in g le  e x tr a c t  o f  
the c e l lu la r  o rg an e lles  is o la te d  from 8 pooled fo re b ra in s .
Table 26 Turn-over o f  th e  t o t a l  g a n g lio s id e s  in  th e  synaptosom al
and m itoch on d ria l f r a c t io n s  o f  th e fo reb ra in  o f  th e
co n tr o l (C) and the undernourished (1JN) r a ts
Time a f t e r S p e c if ic  a c t iv i ty Total H a lf - l i f e
in j ec tio n DPM/yg NANA. DPM (days)
' C UN C UN C UN
Synaptosomal
2 h r 74 54 9324 8154
8 h r 50 121 5700 20207
24 h r 130 113 17420 )'v
19210 ) 
23843 ^
8.9 —
10 d 41 113 8610 ' 25.5
30 d 37 69 9324 ) 14490 ) 
7040 ^
— 29.1
60 d 37 32 10360 ' 45.9 42.1
100 d 19 16 5852 ) 3696 )
M itochondrial
2 h r  
8 h r 
24 h r
72
66
139
50
130
148
1210 
898 
2182 ) 
576 ^
950
1846
2664 6.1 18.5
10 d 32 97 2018 — 44.8
30 d 52 57 1300 ) 
890
1568 47.5 28.6
60 d 32 22 746 41.8 41.6
100 d 16 11 464 ) 388
Each value i s  th e  mean o f  d u p lica te  determ inations in  a s in g le  e x tr a c t .
Table 27 Turnover o f  th e t o t a l  g a n g lio s id e s  and o f
g a n g lio s id e  in  m yelin  from the c o n tro l (C) and
th e undernourished (UN) r a ts
Time a f t e r  
in j ec tio n
C
S p ec ific  a c t iv i ty  
DPM/yg NANA
UN C
T otal
DPM
UN
H a lf - l i f e
(days)
C UN
T otal gang lio sides
2 h r 16 15 96 99
8 h r 21 22 126 145
24 h r 27 30 216 171 •
10 d 35 86 333 860
30 d 55 65 715 ) 1105 ) 143 414
60 d 39 39 640 I 1065 I
100 d 18 15 378
) ) 
) 464 ) 488 354
gang lio side
2 h r 10 6 28 17
8 h r 16 20 45 56
24 h r 22 50 61 140
lOd 60 98 330 461
30d 98 104 862 ) 1009 )
718 42
60d 60 51 744 ) 653 )
) ) 992 37
lOOd 41 20 729 ) 306 )
Each value i s  th e  mean o f  d u p lica te  d e tem an atio n s  in  a s in g le  e x t r a c t .
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Table 30 Recovery o f  r a d io a c t iv ity  in  the gangliosides
during  th e  su b c e llu la r  f ra c tio n a tio n  o f the fo reb ra in
F rac tio n  Group 2hr
TOTAL DIM 
Time a f t e r  in je c tio n  
8hr 24hr lOd 30d 60d lOOd
Control 96 126 216 333 715 640 378
Myelin
Undernourished 99 145 171 860 1105 1065 464
Control 1210 898 2182 576 1300 890 464
M itochondria
Undernourished 950 1846 2664 2018 1568 746 388
Control 1755 1598 4245 1366 1253 1175 573
Nucleus
Undernourished 1320 2899 4820 1968 1463 610 331
Control 9342 5700 17420 8610 9324 10360 5852
Synaptosomes
Undernourished 8154 20207 19210 23843 14490 7040 3696
Control 33512 30240 63662 22848 36639 17914 12906
Microsomes
Undernourished 23214 51980 68250 41840 35310 19008 8942
C ontrol 45897 38562 87725 33733 49231 30979 20173
Total
Undernourished 33737 77077 95115 70529 53936 28469 13819
C ontrol 61065 50445 138945 50600 72570 51948 31540
Forebrain
U ndernourished 43414 108092 132014 109200 . 67642 34830 22800
C ontrol 75.1 76.4 63.1 66.6 67.8 59.6 63.9
Recovery (1)
Undernourished 77.7 71.3 72.0 64.5 79.7 81.7 60.6
Each value i s  th e  mean o f  d u p lic a te  determ inations in  a s in g le  e x t r a c t .
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CHAPTER 9 
GENERAL DISCUSSION
The work described  in  th i s  th e s is  was undertaken to  help  in  
augmenting our knowledge o f b ra in  development in  man and th e  r a t  
during normal growth and during p ro te in -en erg y  m a ln u tritio n  o r under 
n u tr i t io n  in  e a r ly  l i f e .
A. Brain development during normal growth
The m orphological development o f th e  b ra in  is  accompanied by 
changes in  th e  con ten t and com position o f i t s  various c o n s ti tu e n ts .  
Neurochemists have th e re fo re  attem pted to  c o r re la te  th ese  biochem ical 
changes w ith  th e  form ation o f c e r ta in  m orphological s tru c tu re s  a t  
c e r ta in  stages o f development. The d iv is io n  o f th e  m orphological 
development in to  c e r ta in  periods must, however, be crude, s in ce  th e  
process o f  development i s  continuous and th e  various phases sometimes 
o verlap . Techniques th a t  have been developed in  th e  l a s t  decade o r 
so fo r  th e  sep a ra tio n  o f  various b ra in  s tru c tu re s ,  and in  p a r t ic u la r  
m yelin, in  a reasonably  pure s ta t e  have shown th a t  most o f  th e  e a r l i e r  
deductions about i t s  com position were b a s ic a l ly  c o r re c t .
Mcllwain (1955)divided th e  m orphological development o f th e  
human and r a t  fo re b ra in  in to  fou r p e rio d s , as fo llo w s:-
D uration C ell growth 
c h a ra c te r is t ic sRat Human
Period  I U n til b i r th  U n til 25th
fo e ta l  week
M u ltip lic a tio n  o f neurones 
and g l i a l  c e l l s .
Period I I  0-10 days 25th fo e ta l  M u ltip lic a tio n  o f g l i a l
week to  term c e l l s  and m icroneurones.
Outgrowth o f d e n d rite s  
and axons. Establishm ent 
o f neuronal in te rco n n ec tio n s
Period I I I  10-20 days B ir th  to  8
months o f age
F urther ex tension  o f  neuronal 
connections. Onset o f 
m yelination .
Period  IV 20 days to  8 months to
adulthood adulthood
Continued m yelina tion .
In th e  p resen t human study, some biochem ical changes were observed 
in  th e  fo re b ra in  during periods th a t  could correspond, w ith  some 
m o d ifica tio n s , to  th e  periods suggested by Mcllwain (1955). According 
to  th ese  chemical changes, th e  developmental p erio d  between 13 
g e s ta tio n a l weeks and 26 months o f  age could be g ro ss ly  d iv ided  in to  f iv e  
stages as shown in  F ig .50.
In s tag e  1, u n t i l  the  20th week o f g e s ta tio n , th e re  was a 
r e la t iv e ly  ra p id  r i s e  in  th e  ab so lu te  amount o f DNA (F ig . 8 ) which 
is  c o n s is te n t w ith  th e  observations o f Dobbing and Sands (1973).
This r i s e  in  DNA has been in te rp re te d  as being due to  ex tensive  neuronal 
m u ltip lic a tio n  a t  th i s  tim e (Dobbing and Sands, 1973). During th e  same 
p erio d , th e re  were rap id  r i s e s  in  th e  co n cen tra tio n s o f  p u tre sc in e  
(Fig. 1-2 ) ,  gang lio sides (Fig. 29 ) ,  and phospholip ids (F ig. 23 ) ,  and 
a rap id  f a l l  in  th e  concen tra tion  o f c h o le s te ro l e s te rs  (F ig . 20 ) • The 
rap id  r i s e  in  th e  concen tra tion  o f p u tre sc in e  might be due to  an e levated  
a c t iv i ty  o f o rn ith in e  decarboxylase (ODC) (Janne and Raina, 1968; R usse ll 
and Snyder, 1968) which syn thesizes p u tre sc in e  from o rn ith in e  (F ig . 2 ) .  
This increased  sy n th esis  o f p u tre sc in e  a t  th e  tim e o f ex tensive  neuronal 
m u ltip lic a tio n  may lend support to  the. suggestion  (R usse ll, 1970) th a t  
ODC in  fast-g row ing  t is s u e s  has a s tim u la to ry  e f fe c t  dn th e  c e l l s  to  
undergo ra p id  p ro li f e r a t io n .  The r i s e  in  th e  co n cen tra tio n  o f  g an g lio sid es  
during s tag e  1 i s  c o n s is te n t w ith  th e  f a c t  th a t  g an g lio sid es  a re  p rim a rily  
neuronal l ip id s  (Londen and Wolfe, 1964; Spence and Wolfe, 1967). The 
r e la t iv e ly  rap id  r i s e  in  th e  con cen tra tio n  o f phospholip ids may be an 
in d ic a tio n  of a general increase  in  c e l l  membrane d e n s ity .
The rap id  f a l l  in  th e  co n cen tra tio n  o f c h o le s te ro l e s te rs  during 
s tag e  1 i s  in te re s t in g .  I t  could be th a t  th ese  e s te rs  a re  sy n th esized  
and deposited  in  th e  paren t c e l ls  w ith  l i t t l e  o r no fu r th e r  sy n th e s is  
a fte rw ard s , so th a t  th e i r  abso lu te  amounts during s tag e  1 remained
almost co n stan t (F ig . 22) w h ils t  th e  concen tra tion  f e l l  w ith  increasing  
growth o f th e  organ. During th e  same tim e period , c h o le s te ro l increased  
m oderately (Table X I) .  It. could be th a t  th ese  e s te rs  p a r t i a l l y  served 
as a p recu rso r o f f re e  c h o le s te ro l,  although o th e r s te r o ls  a re  p resen t 
in  th e  developing b ra in  (Kritchevsky and Holmes, 1962; Fumagalli and 
P a o le t t i ,  1963-; H o ls te in  e t  a l ,  1966; Banik and Davison, 1967) th a t  a lso  
appear to  be th e  p recu rso rs  o f c h o le s te ro l.
Stage 2 (20 weeks to  30 weeks o f g e s ta tio n )  o f human c e re b ra l 
development i s  c h a ra c te r ise d  by le s s  pronounced chemical even ts.
During th i s  age p e rio d , th e  r i s e  in  th e  concen tra tions o f p u tre sc in e , 
g an g lio s id es , phospholip ids and c h o le s te ro l was minimal, and th e  
c h o le s te ro l e s te r  r a t io  remained r e la t iv e ly  co n s tan t.
Stage 3 (30 weeks’ g e s ta tio n  to  term) is  th e  period  o f th e  second 
phase o f rap id  r i s e  in  concen tra tions o f p u tre sc in e  and th e  l ip id s ,  and 
th e re  was a t  th e  same tim e a t r a n s ie n t  in crease  in  th e  c h o le s te ro l e s te r s .  
G angliosides, phospholip ids and c h o le s te ro l continued to  r i s e  during th e  
f i r s t  8 months a f t e r  b i r th  (stage  4) w hile th e  co n cen tra tio n  o f both  
p u tre sc in e  and c h o le s te ro l e s te rs  g rad u a lly  f e l l .  A fte r  8 months o f 
age (during s tag e  5 ), gang lio sides ceased to  in crease  any fu r th e r  w hile 
c h o le s te ro l and phospholip ids showed a continuous in c rea se . The 
co n cen tra tio n  o f  p u tre sc in e  and c h o le s te ro l e s te rs  remained r e la t iv e ly  
constan t o r decreased  s l ig h t ly .
I t  seems p o ss ib le  to  exp lain  th ese  l a t e r  s tages o f  chemical development 
(stages 2 to  5) in  th e  l ig h t  o f what i s  known about th e  form ation  o f 
d if f e re n t  m orphological s tru c tu re s ,  a lthough c e r ta in  s tru c tu re s  may 
continue to  be formed fo r  a longer perio d  o f tim e than  i s  d ep ic ted  
from th e  observed chemical changes. Moreover, th e re  may be o th e r
chemical components b esides those  measured in  th e  p resen t study which 
could r e f l e c t  more c lo se ly  th e  sy n th esis  o f th e se  s tru c tu re s .  I t  i s ,  
however, tem pting to  suggest th a t  s tage  2 m ainly re p re se n ts  th e  perio d  
o f g l i a l  and m icroneuronal m u ltip lic a tio n s  w ith  l i t t l e  growth o f 
axons and d e n d rite s  because o f  th e  l i t t l e  in c rease  in  l ip id  co n cen tra tio n s  
Stage 3 i s  th e  p erio d  o f  outgrowth o f axons and d e n d rite s  and th e  
estab lishm ent o f  neuronal in terconnections which con tinue w ell a f t e r  
b i r th  (Mcllwain, 1955). Since axons and d en d rite s  a re  th e  s tru c tu re s  
w ith  a la rg e  su rfac e  a rea  in  r e la t io n  to  th e i r  volume, and th e  CNS 
l ip id s  a re  m ainly c o n s titu e n ts  o f th e  membrane (Adams e t  a l ,  1963;
Eichberg e t  a l , 1964; Cuzner e t  a l ,  1965; Cuzner and Davison, 1968), 
th e  find ing  th a t  most o f th e  r i s e  in  l ip id  co n cen tra tio n  had taken  
p lace  during s tag e  3 and 4 may be considered to  r e f l e c t  an in creased  
r a t io  of plasma membrane to  cytoplasm .
The t r a n s ie n t  r i s e  o f c h o le s te ro l e s te rs  during s tag e  3 w ith  th e  
subsequent f a l l  a fterw ards has been in te rp re te d  as a r e f le c t io n  o f th e  
onset and co n tin u a tio n  o f m yelination  (Chapter 5 ). During s tag e s  4 and 
5, when a c tiv e  m yelina tion  was p ro g ressin g , th e  co n cen tra tio n s  o f 
GDla and ch o lin e  phosphoglycerides f e l l ,  and th e  co n cen tra tio n s  o f more 
m y e lin -sp ec ific  l i p id s ,  such as c h o le s te ro l,  sphingom yelin, ethanolam ine- 
phosphoglycerides, and g ang lio side  ro se .
One im portant asp ec t o f  th e  p resen t human study was th e  o p p o rtu n ity  
afforded to  fo llow  th e  developmental p a tte rn  o f th re e  b ra in  re g io n s .
The cerebellum  has always shown s im ila r  growth c h a r a c te r is t ic s  to  th o se  
p rev iously  rep o rted  fo r  th e  r a t  and p ig  as w ell as man (D ickerson and 
Dobbing, 1966, 1967a,b; F ish  and Winick, 1969; Dobbing and Sands, 1973). 
There were a lso  reg io n a l d iffe re n c es  between th e  p a t te rn  o f  development
of th e  phospholip ids and th e  g an g lio s id es . Thus, w h ils t th e  p a t te rn  
of phospholipid development was s im ila r  in  th e  fo re b ra in , cerebellum  
and b ra in  stem, th a t  o f  th e  g ang lio sides was d if f e re n t  in  th e  th re e  
p a r ts .  In  th e  mature cerebellum , the  gang lio sides were la rg e ly  
p resen t as th e  tr is ia lo g a n g lio s id e  G ^ , w hile in  th e  fo re b ra in  and 
b ra in  stem, th e  major g an g lio sid e  was G ^  i s  a lso  th e  major
g ang lio side  o f th e  cerebellum  o f o th er sp ec ies , such as th e  r a t  and th e  
pig  (Merat and D ickerson, 1973) as w ell as th e  ra b b it  (Merat, S a jja d i 
and Dickerson, to  be p u b lish e d ) . Since both  phospholipids and g an g lio sid es  
a re  membrane c o n s ti tu e n ts ,  i t  would be o f in te r e s t  to  know why th e  
c e re b e lla r  c e l l  membranes a re  seemingly u n iv e rsa lly  more p o la r  than  
those o f th e  r e s t  o f th e  b ra in .
B. Brain development during n u tr i t io n a l  d ep riv a tio n
Amongst o th e r environmental f a c to rs ,  n u t r i t io n  in  e a r ly  l i f e  p lays 
an im portant ro le  in  th e  re g u la tio n  o f th e  growth and development o f 
the  b ra in . Animals m alnourished ea rly  in  l i f e  a re  found to  perform  
poorly  in  t e s t s  o f behaviour and lea rn in g  (Cowley and G rie se l, 1963;
Taplin  and E v e r i t t ,  1963; Barnes e t  a l , 1966; Caldwell and C h u rc h ill ,
1967). A lso, th e  poor m ental performance found in  ado lescen ts  and a d u lts  
o f th e  poorer co u n trie s  o f th e  world have been c o rre la te d  w ith  low b i r th  
weight and r e s t r i c te d  growth in  infancy (Stoch and Smythe, 1963, 1967;
Cabak and N ajdanvic, 1965; C ravioto and Robles, 1965; Weiner e t  a l , 1965; 
Champakam e t  a l ,  1968; H ertzig  e t  a l ,  1972). Chemical c o r re la te s  have 
been sought fo r  th i s  apparen tly  poor fu n c tio n a l a c t iv i ty  o f th e  b ra in  o f 
these  re ta rd ed  animals and th e  humans.
R esults o f th e  many animal s tu d ie s  in d ic a te  th a t  th e  poor fu n c tio n in g  
of the  b ra in  may be due to  th e  d e fic ien cy  o f neurones and g l ia  and th e
r e s u l ta n t  chemical inadequacy and re ta rd e d  m yelination th a t  has been 
caused by n u t r i t io n a l  d ep riv a tio n  in  e a r ly  l i f e .  Although some 
behavioural a c t iv i ty  can be c a r r ie d  ou t befo re  th e  CNS t r a c t s  become 
m yelinated, i t  i s  g en e ra lly  accepted th a t  a f u l l  -fledged  improvement 
in  th e  coord inated  behaviour o f an animal aw aits th e  m yelination  o f 
th e  g re a t nerve t r a c t s ,  and in  f a c t  i t  has been shown th a t  th e  pathways 
in  th e  CNS become m yelinated in  th e  o rder in  which they  develop 
p h y lo g en e tica lly  (Langworthy, 1933). I t  i s  p o ss ib le  th e re fo re  th a t  
d e f ic ie n t  m yelination  may have a d e le te r io u s  e f fe c t  on th e  co o rd in a tio n  
o f motor a c t iv i ty  o f  th e  CNS.
The process o f m yelination  may, however, be impaired in  one o f  
sev era l ways. I t  may be reduced in  q u an tity , as i s  suggested by 
re p o rts  in  l i t e r a t u r e .  Since th e  p rocess o f m yelination  in  th e  CNS 
is  extrem ely heterogeneous, so th a t  a t  a c e r ta in  tim e some t r a c t s  
become com pletely m yelinated w hile in  o th e r t r a c t s ,  m yelination  has 
only j u s t  begun (Yakovlev and Lecours, 1967), th e  e f fe c t  o f m a ln u tr it io n  
may be expected to  a f f e c t  d i f f e r e n t  t r a c t s  d if f e r e n t ly .  I t  could a lso  
be th a t  some m yelinating  t r a c t s  a re  more s p e c if ic a l ly  a f fe c te d  than  
o th e rs . There i s ,  as y e t ,  only very  lim ited  inform ation about th e  
e f fe c ts  o f m a ln u tr itio n  on th e  m yelination  o f d if f e re n t  p a r ts  o f  th e  
b ra in .
The process of m yelination  may a lso  be impaired by a r re s t in g  th e  
m aturation  o f th e  membrane thereby  conceivably a l te r in g  i t s  q u a li ty .  
Evidence th a t  th i s  may occur in  th e  human is  provided by th e  f in d in g  
th a t  th e  b ra in s  o f th e  m alnourished c h ild re n , u n lik e  th o se  o f th e  c o n tro ls ,  
had an unusually  high co n ten t o f  c h o le s te ro l e s te r s .  The f a t t y  ac id  
com position o f  th e se  e s te rs  was a lso  d if f e r e n t  from th o se  in  th e  b ra in
of th e  w ell-nourished  c h ild re n . More d ir e c t  evidence in  favour o f th e  
above suggestion  was derived  from th e  study o f myelin is o la te d  from 
th e  r a t  fo re b ra in . Chronic u n d e m u tr itio n  in  th e  r a t  prevented  th e  
development o f th e  normal g an g lio s id e  p a t te rn  w ith in  th e  membrane, 
fo r  th e  gang lio side  p a t te rn  a t  81 o r 121 days o f age was th e  same as 
th a t  a t  day 51. Moreover, th e  markedly h igher tu rn -o v er r a t e  o f 
iso la te d  from th e  m yelin o f th e  undernourished r a t s  compared w ith  th a t  
o f  th e  co n tro ls  suggests th a t  th i s  m yelin was m e tab o lica lly  more a c tiv e  
compared w ith  th e  alm ost in e r t  m yelin o f th e  co n tro l r a t s .  Myelin is  
m e tab o lica lly  a c tiv e  la rg e ly  during th e  e a r ly  phase o f m yelination  
(Davison and Dobbing, 1966). These r e s u l t s ,  along w ith  those  o f human 
study, could th e re fo re  be in te rp re te d  as an in d ic a tio n  th a t  u n d e m u tr i t io n  
r e s u l ts  in  th e  development o f m yelin which is  q u a l i ta t iv e ly  as w ell as 
q u a n ti ta t iv e ly  d if f e r e n t  from normal m yelin. S tru c tu ra lly , i t  may be 
more immature and d is in te g ra te d , s in ce  e le c tro n  m icroscopic s tudy  has 
shown th a t  ea rly  immature m yelin is  s t r u c tu r a l ly  more d iscon tinuous and 
ir r e g u la r  compared w ith  th e  uniform  appearance o f ad u lt m ature m yelin 
(De R obertis e t a l ,  1958).
However, more chemical, h is to lo g ic a l  and e le c tro n  m icroscopic study 
i s  needed to  prove th e  v a l id i ty  o f th e  above suggestion . I f  th e  above 
hypothesis i s  c o r re c t ,  then  i t  would seem a lso  necessary  to  ev a lu a te  
to  what ex ten t th i s  biochem ical im m aturity in  m yelin would be l ik e ly  to  
a f f e c t  th e  conduction o f nerve impulses through th e  axons. I t  has been
shown in  man (Thomas and Lambert, 1960; Dunn e t  a l ,  1964) and th e  ch ick
\
embryo (Bergland, 1960) th a t  conduction v e lo c ity  in  p e r ip h e ra l nerves 
increases w ith  age, i . e . ,  as m yelin m atures ch ro n o lo g ica lly , and th a t  
in  dem yelinating d ise a se s , such as metachromatic leucodystrophy (Dunn, e t  a l ,
1964) and Ref sum’s d isease  (E ld jam  e t  a l ,  1966), th i s  v e lo c ity  i s  
markedly reduced.
I f  th e  nerve conduction v e lo c ity  is  reduced in  th e  b ra in  o f 
animals malnourished in  e a rly  l i f e ,  then  i t s  im p lica tion  in  th e  
human is  l ik e ly  to  be f a r  reaching in  th a t  chronic u n d e m u tritio n  
in  the  in d ig en t communities p erpe tua tes  a v ic io u s  cycle through 
generations. I t  seems, however, p e r tin e n t to  p o in t out here th a t  
normal b ra in  development depends not only upon n u tr i t io n ,  bu t a lso  
th e  t o t a l  environment in  which th e  su b jec t l iv e s .  In  o th e r words, 
th e  developmental process i s  one o f con tinu ing  in te ra c tio n  between 
an organism and h is  environment, and th i s  in te ra c t io n  seems to  be most 
pronounced in  e a rly  l i f e .  In th e  b ra in  o f r a t s  kept in  i s o la t io n  
from weaning bu t a re  o therw ise w ell-nou rished , th e  r a te  o f c e l l  
d iv is io n  and m yelination , and the  number o f d e n d r itic  a rb o r iz a tio n s  
are  reduced (see Winick, 1976). S tim ulation  produces th e  re v e rse .
Rats rea red  in  an enriched environment have h eav ier b ra in s  and g re a te r  
whole b ra in  a c e ty lc h o lin e s te ra se  a c t iv i ty ,  and perform  b e t te r  in  
behavioural ta sk s  than th e i r  iso la te d  l i t te r -m a te s  (Krech e t  a l , 1962; 
Bennett e t  a l , 1965; Rosenzweig, 1966). In  th e  human to o , c h ild re n  
who received  ex tra  sensory s tim u li from environmental re in fo re  orient 
performed b e t te r  in  mental c a p a b il i ty  t e s t s  than  those who rece ived  
proper n u t r i t io n  only (Yatkin and McLaren, 1970). From these d a ta , 
i t  seems th e re fo re  reasonably  c le a r  th a t  sensory input as w ell as 
n u t r i t io n  makes an im portant co n tr ib u tio n  to  b ra in  development.
In  a poor community, both  these  param eters a re  l ik e ly  to  be lack in g , 
thereby  making th e  s i tu a t io n  worse.
The e f fe c t  o f one o f th ese  f a c to rs ,  namely u n d e m u tr it io n  on b ra in  
development is  y e t another complex m a tte r. U n d em u tritio n  d is tu rb s  th e
endocrine system o f th e  body, as a r e s u l t  o f which, fo r  example, 
th e  sy n th es is  o f norepinephrine and se ro to n in  in  th e  b ra in  is  
reduced (Shoemaker and Wurtman, 1971). These a l te r a t io n s  in  
n eu ro tran sm itte r  metabolism may be expected to  have a c o r re la t io n  
w ith  neurophysio log ical and a lso  probably th e  behavioural changes 
under th e i r  c o n tro l. I t  remains to  be e s ta b lish e d  which o f th e  
changes in  b ra in  com position found in  undernourished anim als a re  
the  d i r e c t  e f fe c t  o f u n d e m u tr itio n  and which a re  m ediated by 
a l te r a t io n s  in  some key substances, fo r  example, th e  hormones th a t  
appear to  be d i r e c t ly  a ffe c te d  by n u tr i t io n a l  imbalance.
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APPENDIX
Table I E f f e c t  o f  developm ent on th e  co n cen tra tio n s  and
a b so lu te  amounts o f DMA in  d if f e r e n t  p a r ts  o f 
human fo e ta l  b ra in
G esta tiona l
Age
(days) FB
yg/g f re sh  t i s s u e  
CB BS FB
m g/brain p a r t
CB BS
92
97
4689)
4674) 1715+
3493
2715
29.4)
33.7) . 0 .4 5 +
1.08
0.89
97
101
3703)
3509) 1822+
2570
3048
20.4)
30.5) 0 .6 1 +
0.53
1.06
102 3806) 2883 30.5) 1.35
104 4431) 1502+ 3050 44.0) 0 .4 9 + 0.85107 3801) 2350 56.8) 1.01
119 2940 1585 2250 80.7 0.87 2.02
137 2630 1629 2200 94.6 2 .1 1.5
158 2660 1605 2105 137 3.7 2.21
158 2702 1709 2002 126 - -
160 2543 1692 2286 154 - -
162 2520 1701 1976 182 3.2 4.15
180 2200 1899 1773 265 7 .0 3.45
196 2232 1897 1754 329 10.9 5.08
219 1959 1909 1634 356 16.7 7.10
223 1808 2129 1744 378 21.5 5.40
238* 2021 2432 1312 167 25.5 4.39
246 1788 2626 1537 487 41.2 5.40
247 1590 2606 1206 393 43.2 3.73
262 1432 2868 1028 524 67.9 6.48
262 1395 3308 1138 516 67.5 6.94
265 1450 3077 1105 474 64.6 7.40
268 1481 3036 1165 539 61 .0 5.41
272 1492 2819 1020 359 57.5 4.59
276 1425 3411 1114 413 69.9 5.23
291 1420 3376 908 662 93.8 6.08
291 1401 3416 1112 448 97.8 8.06
292 1476 3147 1086 573 77.4 6.02
+ Cerebellum pooled fo r  a n a ly s is
* Foetus w ith  se v e r e  in tr a -u te r in e  growth r e ta r d a tio n
Table II E ffe c t  o f  developm ent on th e  co n cen tra tio n  and
abso lu te  amount o f p ro te in  in  th e  human fo e ta l  
fo re b ra in , cerebellum  and b ra in  stem.
r  . C oncentration  mg/g f re s h  tissfoe T d ta l
s s ta t io n a l  
ge (days)
Forebrain
(FB)
Cerebellum
(CB)
B rain stem 
(BS)
FB
(g)
rcB
(g)
BS
(m .
92 28.8 25.6 27.9 0.18 .069 8 .6
97 31.2 26.7 29.0. 0.225 .093 9.5
97 26.9 24.3 25.3 0.149 .041 5.3
101 29.7 22.2 23.2 0.258 .064 8.1
102 29.8 21.8 23.1 0.239 .085 10.8
104 26.3 24.2 27.2 0.261 .038 7.6
107 30.1 22.9 28.2 0.450 .114 12.1
119 31.7 < 24.4 26.3 0.870 .134 23.6
137 39.0 23.6 28.8 1.4 .3 20.1
158 36.6 22.8 30.3 1.89 .52 31.8
158 39.6 29.7 33.3 1.86 - -
160 40.4 33.9 31.6 2.45 - -
162 48.9 30.0 36.6 3.54 .57 76.8
180 44.5 43.1 46.8 5.37 .15 91.2
196 52.1 36.0 43.6 7.68 .2 126
219 73.8 40.7 44.5 13.4 .35 193
223 65.1 38.9 44.2 13.6 .39 137
238* 71.7 44.8 44.7 5.9 .47 150
246 53.4 47.8 46.2 14.5 .75 189
247 43.4 44.5 48.7 10.7 .74 151
262 43.4 51.6 48.2 15.8 1.2 274
262 72.5 53.4 47.9 26.8 1.08 292
265 61.9 55.0 49.4 20.2 1.15 331
268 70.2 51.0 47.5 25.5 1.02 221
272 76.1 53.2 47.5 18.3 1.08 213
276 78.8 57.9 51.7 22.8 1.18 243
291 82.8 68.7 55.3 38.6 1.9 370
291 78.3 72.7 53.7 25.0 2.0 389
292 81.8 65.6 50.0 31.7 1 .6 277
* Foetus w ith  sev ere  in tr a -u te r in e  growth r e ta r d a tio n .
Table I I I  E f fe c t  o f  developm ent on the mean c e l l  s i z e  c a lc u la te d
as the  protein/DNA r a t io  in  human fo e ta l  fo re b ra in , 
cerebellum  and b ra in  stem
G esta tio n a l
Age
(days) Forebrain
C ell s iz e  (mg protein/m g DNA)
Cerebellum B rain stem
92 6.1 - 8 .0
97 6.6 - 10.6
97 7.2 15.0 1Q.0
101 8.4 - 7.6
102 7.8 12.2 8 .3
104 5.9 - 8.9
107 7.9 8.7 11.9
119 10.7 15.4 11.6
137 14.8 14.5 13.4
158 13.8 14.1 14.3
158 14.7 - -
160 15.9 - -
162 19.5 17.8 18.5
180 20.2 22.7 26.4
196 23.3 19.0 24.8
219 37.6 21.4 27.1
223 36.0 18.2 25.3
238* 35.5 18.4 34.1
246 29.8 18.2 35.0
247 27.3 17.0 40.4
262 30.3 18.0 42.2
262 52.0 16.1 42.0
268 42.7 15.8 40.8
272 51.0 18.8 46.4
276 55.3 17.0 46.4
291 58.3 20.3 60.8
291 55.9 21.3 48.2
292 55.4 20.8 46.0
*
Foetus w ith  se v e r e  in tr a -u te r in e  growth r e ta r d a t io n .
Table IV E ffe c t o f  development on the  p ro p o rtio n  o f  w ater
(g/kg f re sh  t is s u e )  in. f o e ta l  human fo re b ra in , ~~ 
cerebellum  and b ra in  stem
G esta tio n a l Water Content
Age
(days) ____________ Forebrain__________ Cerebellum__________ Brain stem
92 933 952 931
97 931 949 933
97 939 952 929
101 928 939 930
102 929 939 931
104 930 942 936
107 925 945 932
119 922 941 929
137 919 938 928
158 922 942 926
158 923 931 911
160 913 935 931
162 920 943 915
180 906 923 901
196 918 925 912
219 921 928 898
223 919 916 902
238* 904 920 888
246 919 910 900
247 910 908 883
262 899 897 871
262 898 895 860
265 888 897 882
268 904 888 881
272 908 896 876
276 887 872 871
291 891 883 866
291 886 875 858
292 894 885 872
* Foetus w ith  sev ere  in tr a -u te r in e  growth r e ta r d a t io n .
TABLE V E f fe c t  o f  development on th e  co n cen tra tio n s  o f  p u tr e s c in e ,
sperm idine and spermine o f  the  human fo e ta l  fo re b ra in
G esta tio n a l 
age (days)
P u tresc in e  
(n m oles/g)
Speimidine 
(n m oles/g)
Spermine 
(n m oles/g)
Speimidine: 
Spermine r a t io
92 377 175 126 1.38
97 466 204 141 1.44
101 303 106 106 1.00
102 333 161 116 1.38
104 433 130 136 0.95
107 . 584 - - -
119 565 192 128 1.50
137 526 167 123 1.35
158 553 145 151 0.96
158 493 134 101 1.32
160 582 194 169 1.14
162 583 158 105 1.50
180 464 124 120 1.03
196 516 117 108 1.08
219 551 129 127 1.01
223 492 113 120 0.94
238* 632 115 102 1.12
246 687 130 134 0.97
247 475 78 131 0.59
262 651 72 168 0.42
262 458 121 98 1.23
265 440 106 130 0.81
268 692 97 111 0.87
272 532 129 133 0.96
276 698 90 148 0 .60
291 711 160 137 1.16
291 686 121 176 0.68
292 586 142 156 0.91
* Foetus w ith  se v e r e  in tr a -u te r in e  growth r e ta r d a tio n
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TABLE VII E f fe c t  o f  developm ent on the co n cen tra tio n s o f  p u tr e s c in e ,
speim idine and spermine o f th e  human fo e ta l  cerebellum
G esta tio n a l 
age (days)
P u tresc in e  
(n m oles/g)
Spermidine 
(n m oles/g)
Spermine 
(n m oles/g)
Spermidine: 
Spermine r a t io
119 404 146 131 1.11
137 454 161 147 1.09
158 493 174 125 1.39
162 426 105 149 0.70
196 458 133 77 1.72
219 397 177 110 1.60
223 518 183 171 1.07
238* 496 181 96 1.88
246 409 153 90 1.70
247 439 209 209 1.00
262 393 232 191 1.21
262 479 312 206 1.51
265 413 269 215 1.25
268 660 n 195 189 1.03
272 401 185 129 1.43
276 490 289 230 1.25
291 500 265 178 1.48
291 485 293 247 1.18
292 574 286 251 1.13
* Foetus w ith  se v e r e  in tr a -u te r in e  growth r e ta r d a tio n
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TABLE IX E f fe c t  o f  developm ent on th e  co n cen tra tio n s  o f  p u tr e s c in e ,
sperm idine and spermine o f  the human fo e ta l  b ra in  stem
G esta tio n a l 
age (days)
P u tresc in e  
(n m oles/g)
Spermidine 
(n m oles/g)
Spermine 
(n m oles/g)
Spermidine: 
Spermine r a t io
119 756 103 119 0.86
137 671 138 148 0.93
162 795 118 108 1.09
180 790 147 124 1.18
196 656 189 128 1.47
219 646 171 118 1.45
223 603 224 138 1.62
238* 574 244 148 1.64
246 571 261 155 1.68
247 456 164 123 1.92
262 444 327 170 1.92
265 483 230 150 1.53
268 370 166 107 1.55
272 418 251 122 2.05
276 347 365 109 3.34
291 483 329 143 2.30
292 455 235 138 1.70
* Foetus w ith  sev ere  in tr a -u te r in e  growth r e ta r d a tio n
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Table XI C h o le stero l co n cen tra tio n  and co n ten t o f  th e
fo re b ra in , cerebellum  and brainstem  o f the 
growing human foetus
G esta tio n a l m g/gfresh t is s u e m g/brain p a r t
Age (days) F orebrain Cerebellum Brainstem F orebrain Cerebellum . Brainstem
92 3.23 ) + 4.11 20 ) » 1.27
97 3.02 ) 2.30 4.10 16 ) 0.60 1.35
97 2.77 ) 3.85 19 ) 0.81
101 2.80) 2.57+ 3.34 24 ) 0 .87+ 1.17102 2.76) 3.55 22 ) 1.66
104 2.90 ) 2.69+ 4.05 28 ) 0 .83+ 1.13107 2.70 ) 3.65 40 ) 1.57
119 3.00 2.55 4.01 82 1.4 3.6
137 3.13 2.65 4.20 112 3.4 2.9
158 3.62 2.84 5.27 187 6.5 5.5
158 3.60 - - 169 - -
160 3.43 - - 208 - -
162 4.39 3.37 5.37 318 6.4 11.2
180 4.07 3.82 6.74 492 14.1 13.1
196 7.60 4.14 8.03 1122 23.8 23.3
219 5.21 3.16 6.50 946 27.8 28.3
223 5.64 3.39 7.60 1180 34.2 23.6
238* 6.50 4.30 9.56 538 45.1 32.0
246 4.93 3.68 7.81 1344 57.8 32.0
247 4.78 3.80 8.06 1182 63.0 25.0
262 6.59 4.42 8.77 2411 104.7 50.0
262 5.42 6.52 - 2007 133.6 -
265 6.05 5.29 9.51 1980 111.1 63.7
268 5.60 4.82 11.53 2039 96.9 53.6
272 5.06 4.78 8.70 1219 97.5 39.1
276 7.28 5.96 11.27 2111 122.2 53.0
291 6.06 7.11 13.30 2826 197.6 89.1
291 6.08 7.25 11.82 1946 207.7 85.7
292 6.43 5.89 8.93 2498 144.9 49.6
* Foetus w ith  severe in tr a -u te r in e  growth re ta rd a t io n  
+ Cerebellums pooled fo r  a n a ly s is .
T able XII C h o le s te r o l co n cen tra tio n  and co n ten t o f  the
fo re b ra in , cerebellum  and brainstem  o f the 
c o n tro l (C) and m alnourished (M) ch ild re n  ■
Age N u tr it io n a l  mg/ g f re sh  t i s s u e  m g/brain p a r t
(months) s ta tu s  F orebrain  Cerebellum Brainstem  Forebrain  Cerebellum Brainstem
0 C 5.32 4.09 7.79 1596 71.5 57.6
1 C 8.22 8.49 11.88 2909 218 85.5
?1l 2 M 10.19 10.88 22.46 4422 400 229
6 C 11.58 12.23 16.83 6705 710 168
8 M 13.27 11.65 20.76 8320 836 162
9 C 15.55 12.85 24.70 10060 1150 284
9 C 14.08 11.88 22.00 11770 1132 407
10 M 12.81 11.15 22.42 9133 1025 284
10 M 13.74 13.89 19.26 8161 1009 231
11 C 12.93 12.36 25.64 9309 1114 -
111 M 13.16 10.49 16.13 6711 758 213
12 M 15.44 12.50 26.40 10653 1176 406
121 M 13.16 11.03 24.74 8764 977 302
15 M 18.45 14.28 24.98 13468 1325 307
18 C 17.33 13.85 26.17 14106 1505 495
181 M 15.98 11.88 26.82 12048 1147 343
221 M 9.65 10.11 20.45 5008 678 216
24 C 16.63 12.65 25.98 14933 1568 478
26 M 15.51 12.98 26.75 15122 1573 454
Table X III E f fe c t  o f  developm ent on th e p h osp h o lip id s o f  the
fo reb ra in  o f  th e  human fo e tu s
G esta tiona l 
Age (days) Pg/g
Lipid-P
m g/forebrain CPG*
Molar p e rcen t d is t r ib u t io n
EPG* SPG+1PG* SPh * •
92 450 2.82 58.8 20.5 17.9 2.8
97 393 2.83 56.6 22.9 17.1 3.3
97 358 1.97 58.2 21.2 17.8 2.8
101 ' 416 3.61 56.4 22.7 18.5 2.4
102 446 3.58 56.3 23.5 16.4 3.8
104 496 4.92 56.8 23.1 16.4 3.7 '
107 369 5.52 56.2 22.5 18.0 3 .3
119 591 16.2 49.7 31.0 16.0 3.3
137 605 21.7 48.6 32.9 17.5 1.2
158 605 31.3 48.8 30.7 16.1 4.4
158 641 30.0 48.8 31.3 16.3 3.6
160 641 38.9 45.7 29.9 18.3 6.1
162 608 44.0  ' 52.1 25.4 17.9 4 .6
180 693 83.7 45.9 30.4 15.2 8.5
196 669 98.7 45.9 28.8 15.8 9.5
219 717 130; 2 43.2 26.7 18.4 11.7
223 602 125.9 52.2 27.9 15.4 4.5
238** 685 56.6 33.5 29.0 16.0 21.5
246 740 201.7 45.2 31.0 13.3 10.8
247 802 198.4 44.8 31.5 13.4 10.3
262 764 279.5 47.5 27.5 16.0 9 .0
262 857 317.3 42.9 30.5 15.9 10.7
265 824 269.7 42.9 31.2 14.9 11.0
268 811 295.2 49.8 29.4 14.7 6 .1
272 - - 45.0 30.1 17.5 7.4
276 896 259.8 44.8 34.1 14.9 6 .5
291 937 437.0 44.7 27.2 17.5 10.6
291 899 287.6 43.0 31.2 14.7 11.1
292 935 363.2 38.7 28.5 19.0 13.7
* CPG, EPG, SPG+1PG designa te  ch o lin e , ethanolam ine, s e r in e  + in o s i to l  
phosphoglycerides re sp e c tiv e ly ; SPh designa tes  sphingom yelin.
** Foetus w ith  sev ere  in tr a -u te r in e  growth r e ta r d a t io n .
Table XIV E ffe c t  o f  developm ent on th e  p h osp h o lip id s o f  the
cerebellum  o f  th e human fo e tu s
G e sta tio n a l L ip id -P  Molar p ercen t d is t r ib u t io n
Age (days) y g /g  m g/part. CPG* EPG* SPG+1PG* SPh*
92 )
97 :
97  ;
Pooled 166 0.043 50.5 25.6 18.8 5.1
101 )
102 : Pooled 174 0.059 49.9 25.0 20.1 5 .0
104 )
107 : Pooled 167 0.055 51.0 25.6 18.6 4.8
119 176 0.096 50.1 25.5 20.0 4.4
137 202 0.262 48.5 26.4 19.1 6 .0
158 225 0.517 51.5 25.5 17.1 5.9
158 261 - 50.2 25.9 18.3 5.6
162 282 0.535 44.7 32.8 16.6 5.9
180 3.5 1.165 49.0 27.2 17.0 6.8
196 334 1.92 45.3 30.0 18.2 6 .5
219 280 2.46 47.2 25.0 20.7 7.1
223 309 3.12 41.6 31.6 19.0 7.8
238** 332 3.48 41.2 29.5 18.2 11.1
246 499 7.83 41.6 25.4 21.7 11,3
247 495 8.21 44.6 25.9 18.8 10.7
262 592 14.03 39.3 31.8 16.5 12.4
262 650 13.26 38.2 29.1 18.3 14.4
265 601 12.62 41.2 28.5 17.3 1 3 .0
268 618 12.42 42.2 29.6 16.1 12.1
272 575 11.73 37.9 28.4 20.0 13.7
276 518 10.62 37.4 30.6 19.7 12 .3
291 610 16.95 38.0 28.7 18.1 15.2
291 636 18*22 34.0 32.5 20.0 13.5
292 681 16.75 33.5 33.2 17.5 15.8
*?See Table X III.
Table XV E f fe c t  o f  developm ent on the p h osp h o lip id s  o f  the
b ra in  stem o f  th e human fo e tu s
G e sta tio n a l L ip id-P  Molar p ercen t d is t r ib u t io n
Age (days) y g /g  m g/Brain stem  CPG* EPG* SPG+1PG* SPh*
92 766 0.237 57.0 20.9 20.0 2.1
97 585 0.193 58.5 20.4 19.6 1.5
97 583 0.122 56.5 21.0 19.0 3.5
101 446 0.156 56.1 22.0 v 19.9 2.0
102 557 0.261 57.0 20.5 19.6 2.9
104 494 0.138 56.5 20.1 19.0 4.4
107 494 0.212 55.5 .21.6 20.3 2.6
119 611 0.549 55.1 22.5 18.6 3.6
137 626 0.438 55.0 21.1 20.1 3.6
158 521 0.547 53.5 24.5 17.1 4.9
158 701 - 51.2 24.8 18.6 5.4
162 691 1.45 50.1 24.0 19.8 6.1
180 802 1.56 46.5 29.6 19.3 4.6
196 822 2.38 44.3 33.1 17.3 5.3
219 831 3.61 47.6 26.2 20.1 6.1
223 875 2.71 44.6 26.7 20.5 8.2
238** 1023 3.42 42.7 32.9 17.8 6.6
246 899 3.68 43.0 30.9 19.3 6.8
247 893 2.76 40.4 33.1 18.2 8.3
262 - - 40.5 26.4 22.5 10.6
262 1267 7.72 34.4 32.9 19.5 13.1
265 1158 7.75 41.5 30.1 17.2 11.2
268 1121 5.21 42.8 28.6 20.1 8.5
272 1009 4.54 40.3 31.4 20.4 7.9
276 1129 5.30 37.7 31.1 20.5 10.7
291 1076 7.20 40.0 30.1 20.2 9 .7
291 1162 8.42 35.8 32.0 19.6 12.4
292 1115 6.18 38.7 31.3 19.8 10.2
|  See Table X III.
Table XVI E ffe c t o f development on th e  lipid-P/DNA r a t io
in  the fo e ta l  human b ra in
G esta tiona l 
Age (days)
Lipid-P/DNA (yg/mg) 
F orebrain  Cerebellum B rain stem
92 95.9 - 219
97 83.9. 95.5 216
97 96.5 - 230
101 118.3 96.7 147
102 117.3 - 193 i
104 111.8 112.2 162
107 97.1 - 210
119 200.7 110.3 271
137 229.3 124.7 292
158 228.4 139.7 248
158 238.0 - -
160 252.5 - -
162 241.7 167.1 349
180 315.8 166.4 452
196 300.0 176.1 468
219 365.7 147.3 508
223 333.0 145.1 501
238* 338.9 136.4 779
246 414.1 190.0 681
247 504.8 190.0 740
262 533.3 206.6 -
262 614.9 196.4 1112
265 568.9 195.3 1047
268 547.6 203.6 963
272 - 204.0 989
276 629.0 151.9 1013
291 656.1 180.7 1184
291 641.9 186.2 1044
292 . 633.8 216.4 1026
* Foetus w ith  se v e r e  in tr a -u te r in e  growth r e ta r d a t io n .
T ota l ganglioside-NANA. co n cen tra tio n  and 
co n ten t, and the  m olar p e rcen t d is t r ib u t io n  
o f  th e  m ajor spec ies  in  the  fo re b ra in  o f 
the  developing human fo e tu s
G esta tio n a l Lipid-NANA. Molar p e rcen t d is tr ib u tio n *
Age (days) vg/g  m g /F oreb ra in . G ^  GDla Gm b G ^
92 92 0.576 25.7 25.7 14.3 34.3
97 89. 0.641 18.9 25.7 18.3 37.1
97 103 0.569 - - - -
101 136 1.18 20.8 26.0 16.6 35.5
102 86 0.69 16.3 26.9 19.0 37.8
104 118 1.17 17.0 26.2 17 .9 38.9
107 120 1.79 11.5 23.8 21.9 42.8
119 168 4.6 16.3 30.0 15.0 38.7
137 169 6 .0 11.2 46.8 11.5 30.5
158 176 9.1 7.2 42.1 19.7 31.0
158 181 8.5 9.8 46.1 15.7 28.4
160 178 10.8 8.6 43.9 17.7 29.8
162 200 14.5 16.4 44.5 13.1 26.0
180 208 25.1 15.2 48.7 13.8 22.3
196 294 43.4 17.5 52.5 9 .5 20.5
219 321 58.3 17.8 52.6 9.4 20.2
223 139 29.1 20.8 48.2 9.5 21.5
238** 295 24.4 17.1 53.5 10.7 18.7
246 253 69.0 13.4 52.8 6 .0 27.8
247 251 62.1 21.0 52.7 8 .3 18.0
262 245 89.6 25.2 57.6 7.0 10.1
262 301 111.4 23.7 56.8 10.2 9 .3
265 276 90.4 26.5 54.1 9 .3 10.1
268 252 91.7 11.7 71.8 ‘ 3 .5 12.9
276 311 90.2 20.2 59.9 6.1 13.8
291 321 149.7 24.1 70.8 2.8 2 .3
291 309 98.8 18.2 73.3 3 .3 15.2
* The amount o f  th ese  m ajor gang lio sides was taken  as 100% o f  t o t a l .  
The m olar p ercen t d is t r ib u t io n  was c a lc u la te d  a f t e r  d iv id in g  the
and G ^k each by 2.v a lu e s  o f  G ^  by 3 and o f  G -^
** Foetus w ith  sev ere  in tr a -u te r in e  growth r e ta r d a t io n .
Table XVIII Ganglioside-NANA co n cen tra tio n  and con ten t and
the  m olar p ercen t d is t r ib u t io n  o f  the m ajor species  
in  the  developing human fo e ta l  cerebellum
G e sta tio n a l Lipid-NANA M olar Perc en t d is tr ib u t io n *
Age (days) y g /g  m g/cerebellum  GM^  GDla  GD^ GT1
92 )
97 I 
97 )
Pooled 62 0.016 10.1 31.6 15.3 43.0
101 ) Pooled 56 0.019 11.8 29.9 15.8 42.5
102 J
104 ) 
107 ^
Pooled 96 0.026 7.7 36.9 16.7 38*7
119 107 0.058 9.2 40.8 15.1 34.9
137 113 0.146 10.8 41.3 16.0 31.9
158 94 0.216 5.3 47.4 16.5 30.8
158 144 - 6.4 46.2 16.2 31.2
162 141 0.267 6.1 41.8 20.7 31.4
180 143 0.529 7.2 40.7 17.3 34.8
196 222 1.276 5.2 43.9 18.2 32.7
219 121 1.064 8.7 37.4 20.3 33.6
223 67 0.676 9.6 32.8 21.0 36.6
238** 153 1.606 3.6 34.3 24.3 37.8
246 113 1.774 10.6 26.5 25.3 37.6
247 83 1.377 10.1 26.5 22.7 40.7
262 62 1.469 8.6 25.5 25.5 40.3
262 120 2.448 11.2 19.6 20.1 49.1
265 114 2.394 10.2 26.1 18.7 45.0
268 67 1.346 6.7 26.5 23.2 43.6
272 83 1.693 12.0 22.7 17.4 47.9
276 126 2.583 13.0 25.5 24.1 46.4
291 157 4.364 11.6 26.3 18.4 43.7
291 145 4.154 12.1 18.7 17.1 52.1
292 161 3.960 11.0 27.2 17.8 44.0
* The amount o f  th ese  m ajor gang lio sides was taken as 100% o f t o t a l .
The m olar p ercen t d is t r ib u t io n  was c a lc u la te d  a f t e r  d iv id in g  the  values 
o f  G ^  by 3 and o f  Gjj^
**Foetus w ith  sev ere  in tr a -u te r in e  growth r e ta r d a t io n .
and Gp^k each by 2.
Table XIX T o tal ganglioside-NANA co n cen tra tio n  and
co n ten t, and th e  m olar p e rcen t d is t r ib u t io n  
o f  the  m ajor sp ec ies  in  th e  developing human 
fo e ta l  b ra in  stem
G esta tio n a l 
Age (days)
Lipid-NANA 
yg/g mg/Brain stem
Molar p e rcen t d is tr ib u tio n *  
GM1 GDla S i b  Gn
92 181 0.056 12.6 33.0 19.4 35.0
97 ) 
97 ) Pooled 184 0.049
- - - -
101 ) 
102 ) Pooled 209 0.085 11.7 31.6 22.5 34.2
104 ) 
107 ) Pooled 186 0.066 12.5 31.9 21.3 34.3
119 211 0.189 10.2 34.8 21.2 33.9
137 214 0.149 11.4 35.1 21.0 32.5
158 297 0.311 20.2 35.6 13.5 30.7
162 263 0.552 18.0 36.1 15.9 30.0
180 259 0.505 10.3 40.7 23.5 25.5
196 218 0.632 11.5 43.1 23.7 21.5 ;
219 280 1.218 8.8 39.8 22.3 29.1
223 300 0.930 - - - -
238** 344 1.152 10.3 39.5 25.7 24.5
246 216 0.885 15.7 38.6 21.2 24.5
247 218 0.675 11.7 37.0 20.5 30.8
262 243 1.482 10.2 37.7 21.3 30.8
265 211 1.413 10.5 36.0 23.1 29.4
268 211 . 0.981 10.9 36.2 20.4 32.5
272 229 1.030 10.1 41.9 21.9 26.1
276 293 1.377 11.8 38.6 19.1 30.5
291 297 1.989 13.0 40.1 19.5 27.4
291 271 1.964 11.6 41.9 17.9 28.6
292 264 1.465 10.2 42.9 20.6 26.3
*The amount o f  these  m ajor g an g lio sid es  was taken as 100$ o f  t o t a l .  
The molar p ercen t d is t r ib u tio n  was c a lc u la te d  a f t e r  d iv id ing  th e  
values o f  by 3 and o f and G ^^  each by 2.
** Foetus w ith  sev ere  in tr a -u te r in e  growth r e ta r d a t io n .
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